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ABSTRACT 
 Manipulation of brain circuits is a critical to understanding how brain controls 
behaviors under normal physiological conditions and how its dysfunction causes diseases. 
Ultrasound stimulation is an emerging neuromodulation modality that allows activation of 
neurons with acoustic waves. However, the piezo based transcranial ultrasound stimulation 
offers poor spatial resolution, which hinders the understanding of its mechanism as well as 
application in region specific activation in small animals. To address this limitation, we 
developed a series of neuromodulation techniques utilizing the photon to sound conversion 
capability offered by the optoacoustic effect. In chapter 2, we developed a fiber based 
optoacoustic converter th-at allows neural stimulation at submillimeter spatial precision 
both in vitro and in vivo. In chapter 3, the spatial resolution was further improved by 
tapered fiber optoacoustic emitter to achieve stimulation of single neurons and even 
subcellular structures in culture. In chapter 4, we developed photoacoustic nanoparticle 
based neural stimulation that allows direct activation of neurons through optoacoustic 
waves generated by nanoparticles bonded to the neuronal membrane. Finally, in chapter 5, 
in an effort to improve penetration depth, a split ring resonator based microwave 
neuromodulation was developed that allows wireless stimulation and inhibition of neurons 
 
vii 
with subwavelength spatial resolution. Together, these methods offer an enabling platform 
with opportunities to understand the mechanism of acoustic neural stimulation as well as 
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CHAPTER 1. INTRODUCTION 
1.1. Introduction to neuromodulation. 
Neuromodulation has been an invaluable approach for basic study of neural circuits 
and clinical treatment of neurological diseases. There are tree important applications of 
neuromodulation. The first is treatment of neurological diseases. The human brain is 
composed of a network of 86 billion of neurons that communicate with one another through 
electrical and chemical signaling. Dysfunction of the central nervous system leads to 
diseases including Alzheimer’s disease, Parkinson’s disease and epilepsy. In the United 
States, these diseases affect millions of patients and represent an annual medical burden of 
more than $800 billion1. Modulation of neuronal of neuronal activity and signaling is one 
of the most important ways for treatment of such diseases 2. The second is for prothesis. A 
prothesis is a device designed to replace or improve impaired physiological functions, these 
include cochlear prothesis for hearing loss3, retinal prothesis for vision impairment 4 and 
motor prothesis for loss of motor functions 5. The third is for advancing research in the 
neuroscience field. Investigations into the function of neurons and neural networks allows 
better understanding of the nervous system, which in turn allows development of new 
applications for neuromodulation 6. Historically electrical stimulation has been the most 
important technique for neuromodulation and has played a crucial role ever since the first 
demonstration that neurons can be stimulated electrically by Galvani in the 18th century. 
However, developments in alternative modulation methods potentially offer significant 
advantages over electrical stimulation in both basic neuroscience research and clinical 




catalyzed the need for more advanced neuromodulation methods that allows brain-machine 
interface for controlling of complex human behaviors 7, 8. 
1.2. Current neuromodulation technologies in clinical and preclinical applications. 
1.2.1.  Deep brain stimulation 
Of all the developed neuromodulation techniques, electrical deep-brain stimulation is 
the most widely used for treatment of Parkinson’s Disease, depression, and epilepsy 9-11. 
In comparison to noninvasive transcranial stimulation methods such as TMS and tDCS, 
deep brain stimulation (DBS) uses implantable metal electrode which can offer stimulation 
at much higher spatiotemporal resolution by placing them in close proximity the local 
neural circuits of interest. However, most current electrical neuromodulation systems used 
in the clinical settings are based on metal neural electrodes (i.e., tungsten (W), platinum 
(Pt), platinum–iridium (Pt–Ir), and iridium oxide (IrOx)). The spatial resolution of these 
stimulators is limited by the diffusion of the electric current, which may spread outside of 
the area of interest12. In addition, the metal-based electrodes are incompatible with MRI, 
making it difficult to examine real-time response to the stimulation in human subjects and 
larger non-human primate models13, impeding the understanding of the effect of 
stimulation at a larger scale. Last but not least, metal electrodes are known to induce neural 
inflammation at the implantation site14, 15, raising concerns on the long term side effect due 
to poor biocompatibility. 
1.2.2. Transcranial magnetic stimulation 




that utilizes alternating magnetic field, usually generated by a magnetic coil, to produce 
micro current in the brain and achieve activation of cortical and sub cortical regions16. It 
has been used clinically and tested preclinically as treatment for diseases such as major 
depression, post traumatic stress disorder, and autism17. However, due to the long 
wavelength of magnetic waves, TMS lack focusing capabilities thus there is a tradeoff 
between penetration depth and spatial resolution. Typically, TMS can produce 10 cm2 
precision at 1 cm deep in the cortex, which deteriorate quickly with depth. At 3.5 cm, TMS 
precision reduces to around 100 cm2 18. Such spatial resolution is not sufficient for precise 
modulation of subcortical regions of human patients.  
1.2.3. Transcranial direct current stimulation  
Transcranial direct current stimulation is a noninvasive method that uses an electrical 
current (1-2 mA) typically induced between 2 electrodes placed on the scalp. The precise 
mechanism of tDCS is yet unclear, but it has been shown to have beneficial effects in a 
wide range of diseases, for example, neurological conditions such as stroke and refractory 
epilepsy19, psychiatric indications such as chronic depression and drug addiction. 
However, tDCS utilizes two electrodes each with tens of cm2 surface area, which results 
modulation of large cortical areas with limited spatial resolution19, 20.  
1.2.4. Optogenetics 
Providing high spatial precision and cell specificity, optogenetics 21-23 has become a 
powerful method capable of modulating population neural activity in rodents. By 




modulation of ion current by external light excitation. Importantly, by expressing two 
different types of rhodopsin, for example Channelrhodopsin224 and Halorhodopsin25, bi-
directional control of neuronal excitation and inhibition can be achieved. In addition, its 
capability to target specific cell types enables precise control of neural circuits of interest 
without affecting surrounding neurons. To date, optogenetics has been demonstrated to 
modulate cognitive functions26, 27 as well as behaviors28, 29, and it holds promises preclinical 
studies as treatment for Alzheimer disease30, 31, Parkinson’s disease32, 33 and amnesia34. As 
powerful as optogenetics is for basic science research, the requirement of viral infection 
needs additional animal preparation and prevents its translation to clinic. Additionally, the 
visible extrication light used in optogenetics can barely penetrate through a tissue of 
hundreds of micron thick in a rodent brain, not to mention the human skull.  
1.2.5. Photothermal stimulation 
Toward generics-free stimulation, photothermal neural stimulations has been reported 
early in 2000s35-37 and has attracted increasing interest recently in basic science and 
translational application. Photothermal stimulation utilizes the local thermal effect induced 
by absorption of photons by tissue or exogenous absorbers, which activates thermal 
sensitive ion channels or induced capacitive current in the membrane38-40. However, 
temperature increase of more than 5 oC41 is required for successful thermal activation of 
neurons, which raises concerns over the long term thermal damage of nerve tissues for 





1.2.6. Ultrasound stimulation 
Ultrasound neuromodulation as an emerging neuromodulation method that receives 
rapid advances during the past decades42-46. Ultrasound creates a mechanical stress on the 
neuronal membrane, and potentially activates mechanosensitive ion channels47, 48, or 
generates intramembrane cavitation49, 50, which in turn causes membrane depolarization 
and activates neurons. Ultrasound offers higher penetration depth compared to photons, 
while maintaining relative high spatial resolution of several millimeters. It has been 
demonstrated to evoke action potentials in vitro, and behavioral responses in vivo in 
rodents 51, 52, nonhuman primates 53 and even in human subjects 45, 54-56. However, the 
spatial resolution for conventional transcranial ultrasound neuromodulation is insufficient 
for region specific modulation in small animals. Furthermore, a big challenge in ultrasound 
neural modulation is that transcranial ultrasound delivered would inevitably go through the 
skull, and eventually reach the cochlear through bone transduction, and evokes unwanted 
auditory responses 57, 58. Moreover, the skull reflects the acoustic wave and compromise 
ultrasound focus, resulting in a limited penetration depth 54.  
1.3. Optoacoustic effect as an ultrasound alternative in biomedical applications. 
1.3.1. The principles of optoacoustic effect. 
The optoacoustic effect, or photoacoustic effect describes the phenomenon of light to 
sound conversion.  It was first discovered by Alexander Graham Bell following his 
observation of the generation of sound after absorption of modulated sunlight 59. In the 
optoacoustic process, optoacoustic wave is generated following a transient temperature 




related to light absorption by the following expression: p0=ΓμaF, where μa is the absorption 
coefficient of the absorber, F is the local light fluence, and Γ is the Grüneisen parameter. 
The Grüneisen parameter can be expressed as Γ=βvs2/Cp=β/(κρCp), where β is the isobaric 
volume expansion coefficient, Cp is the heat, vs is the acoustic speed, κ is the isothermal 
compressibility, and ρ is the mass density 60. Importantly, two conditions, i.e., stress 
confinement and thermal confinement, need to be met for efficient photoacoustic 
generation. The thermal confinement indicates that thermal diffusion during laser 
illumination can be neglected. The thermal confinement threshold τth can be expressed as:  
𝜏!" = 𝐿# 4𝐷⁄ , w here 𝐿 is the length of diffusion and D is the thermal diffusivity of local 
environment. The stress confinement means the volume expansion of the absorber during 
the illumination period can be neglected. This condition can be written as 𝜏$% = dc/vs	 
where vs is the speed of sound.	For effective optoacoustic signal generation in optoacoustic 
imaging, the laser pulse duration is normally within several nanoseconds, which is less than 
both the thermal and stress confinement times. 
1.3.2. Optoacoustics in biomedical imaging. 
Theoretically, any absorber that has an optical absorption signature can potentially 
provide optoacoustic contrast, as long as appropriate irradiation wavelengths are applied. 
Optoacoustic tomography and microscopy have found broad biomedical applications using 
both intrinsic and exogeneous contrast agents61, 62.  The hemoglobin is among the most 
widely studies intrinsic contrast agent in optoacoustic imaging. The high contrast in 
absorption in the visible range allows imaging of any RBC-perfused vasculature, the 




signal amplitudes depend on the concentrations of oxyhemoglobin (Cox)and 
deoxyhemoglobin (Cde), spectroscopic measurements can be performed to quantify Cox and 
Cde and the total hemoglobin concentration  and oxygen saturation of hemoglobin  can be 
derived63, 64. Utilizing this mechanism, optoacoustic tomography has allowed imaging of 
whole body vasculature of mice65, microvasculature in skin and iris 66 as well as functional 
imaging of mouse brain in a non-invasive manner 67-69. In addition, melanin , the light 
absorbing molecule in melanosomes, has also been used as contrast for optoacoustic 
imaging as the absorption of melanin at 700 nm is tree orders of magnitude higher than 
surrounding tissue, providing opportunities for early melanoma detection in deep tissue 70. 
Lipid, with its distinct absorption spectrum between 1150 nm and 1250 nm, has been 
explored recently for optoacoustic imaging. At 1200 nm, intravascular photoacoustic 
imaging allows detection of lipid laden plague in atherosclerosis71. In addition to intrinsic 
contrast in biological tissue, exogenous contrast agents can extend the power of 
optoacoustic imaging. A variety of contrast agents has been developed for optoacoustic 
imaging, including organic dyes, nanoparticles, reporter genes, fluorescent proteins aiming 
at increasing imaging contrast, penetration depth and tissue specificity. Organic dyes, such 
as indocyanine green (ICG), methylene blue (MB), Evans blue (EB), and Congo red are 
widely used in PAT applications, including brain cortical structure enhancement72, kidney 
perfusion73, and brain hemodynamic monitoring74. semiconducting polymer nanoparticles 
has been developed to target tumor cells and provide excellent contrast with its unique 
absorption peak in the near infrared second window75, 76; fluorescence proteins such as 




calcium activity, which allows noninvasive optoacoustic imaging of neural activity in 
rodents77. 
1.3.3. Optoacoustics beyond imaging 
Beyond imaging, recent advances in developing optoacoustic materials have enabled 
highly efficient optoacoustic conversion 78. Pulsed light excitation of these optoacoustic 
materials generates ultrasound waves at high frequency with broad bandwidth, which is 
difficult to obtain with traditional piezo based ultrasound transducers. Such optical 
ultrasound transmitter has been developed for applications including all optical ultrasound 
imaging systems 79, 80 and generation of complex ultrasound field81, 82. With the 
combination of highly efficient optoacoustic materials and concave emitter geometry, it is 
possible to produce pulse ultrasound at high amplitude, which allows for high precision 
cavitation therapy and invisible sonic scalpels.  83, 84. Meanwhile, fiber-based optoacoustic 
emission has been explored. Such fiber based optoacoustic advices has been demonstrated 
to serve optoacoustic guide for sub-millimeter tumor localization and intuitive surgical 
guidance 85, as well as sonoporation of cellular membrane for delivery of membrane 
impermeable molecules and drugs 86.  
1.4. Summary  
Neuromodulation serves as an important tool for study of the nervous system and 
treatment of neurological diseases. However, most currently clinically prescribed 
neuromodulation methods either lacks spatial temporal resolution, or is highly invasive, 




of point of interest and even seizures. These limitations can potentially be alleviated by 
increasing the pool of available tools for more precise and minimally invasive 
neuromodulation methods. On the other hand, the optoacoustic effect, as an alternative way 
for ultrasound generation poses capability of ultrasound generation at high spatial temporal 
resolution, which is advantageous in the field of neuromodulation compared to 
conventional piezo based ultrasound transducers. but has never been explored for 
neuromodulation purposes. Thus, it highlights the possibility of developing a minimally 




CHAPTER 2. OPTOACOUSTIC NEUROMODULATION AT SUB-
MILLIMETER SPATIAL PRECISION. 
Ying Jiang and Dr. Lu Lan. designed and fabricated the FOC device; Ying Jiang, Dr. 
Hyeon Jeong Lee. and Dr. Lu Lan. designed and performed the experiments; Dr. Heng-Ye 
Man provided primary neuron cultures. Dr. Xue Han. and Dr. Ji-Xin Cheng supervised the 
project. 
Low-intensity ultrasound is an emerging modality for neuromodulation. Yet, 
transcranial neuromodulation using low-frequency piezo-based transducers offers poor 
spatial confinement of excitation volume, often bigger than a few millimeters in diameter. 
In addition, the bulky size limits their implementation in a wearable setting and prevents 
integration with other experimental modalities. Here, we report spatially confined 
optoacoustic neural stimulation through a miniaturized Fiber-Optoacoustic Converter 
(FOC). The FOC has a diameter of 600 μm and generates omnidirectional ultrasound wave 
locally at the fiber tip through the optoacoustic effect. We show that the acoustic wave 
generated by FOC can directly activate individual cultured neurons and generate 
intracellular Ca2+ transients. The FOC activates neurons within a radius of 500 μm around 
the fiber tip, delivering superior spatial resolution over conventional piezo-based low-
frequency transducers. Finally, we demonstrate direct and spatially confined neural 
stimulation of mouse brain and modulation of motor activity in vivo. 
2.1. Introduction 




invasively modulating brain activities 52, 87. Early reports of neuromodulation using high-
intensity ultrasound date back to the 1920s, likely through a tissue heating mechanism88, 
89. In the past decade, neural stimulation using low intensity, low frequency focused 
ultrasound has been demonstrated to directly evoke action potentials and modulate motor 
response in rodents51, 52, rabbits44, non-human primates53 and sensory/motor responses in 
humans45, 54, 55 through a non-thermal mechanism. Two recent papers by the Shapiro group 
and Lim group argued that these responses could be a consequence of indirect auditory 
stimulation through the cochlear pathway90, 91. On ther other hand, Tyler, Baccus, Shoham, 
Pauly and their coworkers reported direct activation of neurons in brain slices46, isolated 
retina92, 93 and deaf mice94, where no auditory circuitry is involved. A major challenge 
facing ultrasound neural modulation, which contributes to the mentioned controversies, is 
that delivery of transcranial ultrasound would inevitably go through the skull, and 
eventually reach the cochlear through bone transduction. Moreover, the presence of the 
skull will reflect acoustic wave and compromise ultrasound focus, resulting in a spatial 
resolution of a few millimeters, which is insufficient for region-specific brain stimulation 
in small rodents.  
An alternative way to generate ultrasound wave is through optoacoustic effect. In an 
optoacoustic process, pulsed light is illuminated on an absorber, causing transient heating 
and thermal expansion, and generating broadband acoustic waves at ultrasonic 
frequencies95. Recently, the optoacoustic effect has received increasing attention in the 
fields of imaging and translational medicine96, 97. Using endogenous as well as exogenous 




applications61, 62. More specifically, optoacoustic tomography has allowed imaging of brain 
structures as well as function in a non-invasive manner 67-69. Beyond imaging, recent 
advances in developing optoacoustic materials have enabled highly efficient optoacoustic 
conversion 78. Pulsed light excitation of these optoacoustic materials generates ultrasound 
waves at high amplitude, which allowed for all-optical ultrasound imaging 79, 80, tissue 
cavitation 83, 84, and precision surgical guidance of lumpectomy85.  
Here, we report use of acoustic wave generated by the optoacoustic process for direct 
and spatially confined neural stimulation both in culture and in vivo in a functional brain. 
The stimulation is based on a novel fiber optoacoustic converter (FOC) that generates 
omnidirectional low-frequency ultrasound pulses emitting from a coated fiber tip. The 
miniaturized size of the FOC together with a rapid attenuation of optoacoustic intensity 
with distance provides superior spatial confinement of the generated ultrasound. By time-
resolved calcium imaging, we demonstrate that the FOC can reliably produce neural 
activation within a 500 μm radius from the FOC tip in cultured neurons. By combining 
FOC with in vivo electrophysiology recordings, we achieved direct optoacoustic activation 
of mouse somatosensory cortex in mouse brain, providing evidence that the observed 
activation is a consequence of direct neural stimulation without the involvement of the 
cochlear pathway. Finally, we demonstrate functional modulation of the motor cortex by 





Figure 2.1 Design of FOC and characterization of the FOC-generated acoustic wave.  
a. The concept of optoacoustic neuromodulation through a FOC. Insert is an enlarged FOC 
tip under a stereoscope.  b, Schematic of acoustic wave generation. c, Representative 
acoustic wave recorded with a hydrophone. d,e, radiofrequency spectrum and angler 
intensity distribution of FOC generated acoustic wave. Error bar: ± SD (1 fiber, 3 repeats).  
 
2.2. Design and characterization of the FOC.  
The FOC is composed of a passively Q-switched diode-pumped solid-state laser 
(PQSY, RPMC USA) centered at 1030 nm with a pulse width of 3 ns and pulse energy of 
100 μJ, a 200-μm core diameter, ~0.5 m long, 0.22 NA multimodal fiber, and a ball-shaped 
coated tip with a diameter of ~600 μm (Figure 2.1a). Through the optoacoustic process, the 




waves then excite neurons in the proximity to the tip. The FOC tip was coated with 2-layer 
nano-composite (Figure 2.1b).  The first layer is a diffusion layer composed of a mixture 
of ZnO nanoparticles in epoxy (15% w/w). The ZnO nanoparticles have a 100-nm 
diameter, which is smaller than the wavelength of the incident light and enables Raleigh 
scattering of the light. Consequently, the incident light is randomly scattered in all 
directions, which produces a relatively uniform angular distribution of the laser pulse. The 
second layer is an absorption layer composed of a mixture of graphite powders in epoxy 
(30% w/w). With its high optical absorption and thermal conduction efficiency, the 
graphite completely absorbs the diffused laser and converts it into heat. The heat is then 
transferred to surrounding epoxy, creating expansion and compression of the epoxy, and 
generating acoustic waves that propagate in an omnidirectional manner. To characterize 
the generated acoustic wave from FOC, we applied the nanosecond laser at a pulse energy 
of 14.5 μJ, and measured the acoustic wave by an ultrasound transducer underwater. A 
representative acoustic wave generated by a single laser pulse is shown in Figure 2.1c. The 
radiofrequency spectrum shows that the generated acoustic wave is in the ultrasound 
frequency ranging from 0.5 to 5 MHz, with multiple peaks between 1 and 5 MHz (Figure 
2.1d). The maximum acoustic pressure is measured to be 0.48 MPa using a needle 
hydrophone. To examine the angular distribution of the acoustic wave, we measured the 
pressures at various angles. The distribution map shows that the intensity is the strongest 
in the forward direction, while the back-propagating ultrasound is about 50% of the 
forward intensity (Figure 2.1e). We note that fiber-based optoacoustic generation with a 




double-layer structure, where the diffuse layer not only results in an omnidirectional 
acoustic wave, but also significantly lowers the acoustic wave frequency (Figure 2.2). Low-
frequency ultrasound was shown to be more efficient for neural modulation42.  
 
Figure 2.2 The diffusion layer at the fiber tip shifts the optoacoustic wave to lower 
frequency range.   
 
2.3. Methods  
2.3.1. FOC fabrication 
The FOC was fabricated by first coating the fiber with a light diffusion layer, followed 
by coating of an absorption layer. ZnO nanoparticles (Sigma-Aldrich) were mixed with 
epoxy at a concentration of 15% by weight, and a polished multimodal optic fiber with 200 
µm core diameter (Thorlabs) was dipped 150 µm into the mixture and quickly pulled out 
using a one-dimension translational stage under stereoscope. After 30 min curing at room 
temperature, the diffusion layer (~100 µm) was coated on the fiber tip. The absorption layer 
was fabricated by dipping of the diffusion layer coated fiber into a graphite powder and 




process was repeated to ensure the absorption layer has enough thickness to absorb all the 
photons, which leads to a final absorption layer thickness of approximately 200 µm.  
2.3.2. Optoacoustic wave characterization 
The intensity of FOC generated acoustic wave was measured with a needle hydrophone 
with 0.04 mm sensor size (Precision Acoustics). For mapping of the acoustic wavefront, 
an EKSPLA OPO Laser with pulse width 5 ns, repetition rate 10 Hz was coupled into the 
FOC fiber as excitation laser. Photoacoustic signals were acquired in a water tank by a low-
frequency transducer array (L7-4, PHILIPS/ATL) and processed by an ultrasound imaging 
system (Vantage128, Verasonics Inc.).  
2.3.3. Primary neuron and glial cultures 
Primary cortical neuron cultures were derived from Sprague-Dawley rats. Briefly, 
cortices were dissected out from embryonic day 18 (E18) rats of either sex and then 
digested with papain (0.5 mg/mL in Earle’s balanced salt solution) (Thermo Fisher 
Scientific) and plated on poly-D-lysine coated coverslips. For primary neuron cultures, 
cells were first plated in Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific) 
containing 10% fetal bovine serum (Thermo Fisher Scientific) and 1% GlutaMAXtm 
(Thermo Fisher Scientific), which was then replaced 24 hours later by a feeding medium 
(Neurobasal medium supplemented with 2% B-27 (Thermo Fisher Scientific) and 1% 
GlutaMAXtm (Thermo Fisher Scientific). Thereafter, the medium was replaced every 3 to 
4 days until use. For primary glial cultures, cells were cultured in Dulbecco's Modified 




Fisher Scientific) and medium was replaced every 3 to 4 days.  
2.3.4. Calcium imaging 
Calcium imaging was performed on a lab-built wide field fluorescence microscope. 
The microscope was based on an Olympus IX71 microscope frame, with a 20X air 
objective (UPLSAPO20X, 0.75 NA, Olympus), illuminated by a 470 nm LED (M470L2, 
Thorlabs), an emission filter (FBH520-40, Thorlabs), an excitation filter (MF469-35, 
Thorlabs) and a dichroic mirror (DMLP505R, Thorlabs). Image sequences were acquired 
with a scientific CMOS camera (Zyla 5.5, Andor) at 20 frames per second. Oregon Green™ 
488 BAPTA-1 dextran (OGD-1) (Invitrogen) was dissolved in 20% Pluronic F-127 in 
DMSO at a concentration of 1 mM as stock solution. Before imaging, cells were incubated 
with 2 µM OGD-1 for 30 min, followed by incubation with normal medium for 30 min. 
During imaging, cells were placed in extracellular solution for cortical neurons containing 
150 mM NaCl, 4 mM KCl, 10 mM HEPES, 10 mM glucose, 2 mM CaCl2 (pH 7.4). For 
application of BAPTA-AM, BAPTA-AM (Sigma-Aldrich) powder was dissolved in 
DMSO at concentration of 15 mM for stock solution, and during experiment, the stock 
solution was added to the extracellular solution to reach 15 μM final concentration before 
Calcium imaging. 
2.3.5. Animal Surgery 
All experimental procedures have complied with all relevant guidelines and ethical 
regulations for animal testing and research established and approved by the Institutional 




mice were used. Mice were initially anesthetized using 5% isoflurane in oxygen and then 
placed on a standard stereotaxic frame, maintained with 1.5 to 2 % isoflurane. Toe pinch 
was used to determine the level of anesthesia throughout the experiments and body 
temperature was maintained with a heating pad. The hair and skin on the dorsal surface 
targeted brain regions were trimmed. Craniotomies were made on primary somatosensory 
(S1) (AP -1.34 ML 2.25), primary motor (M1) (AP -0.62 ML 1.5) and primary auditory 
cortex (A1) (AP -2.46 ML 4.25) based on stereotaxic coordinates using a dental drill and 
artificial cortical spinal fluid was administrated to immerse the brain. After stimulation and 
recordings, the mice were perfused with saline and 10% Formalin, and the brain was 
removed, paraffin embedded, sectioned, and H&E stained for histology. Experiments with 
animals were approved by Institutional Animal Care and Use Committee of the Boston 
University. 
2.3.6. Local field potential recording 
LFP was performed using tungsten microelectrodes (0.5 to 1 MΩ; Microprobes). 
Tungsten microelectrodes were driven to recording sites through cranial windows based 
on stereotactic coordinates. The electrodes were positioned with a micromanipulator 
(Siskiyou). Extracellular recordings were acquired using a Multi Clamp 700B amplifier 
(Molecular Devices), filtered at 0.1 to 100 Hz, and digitized with an Axon DigiData 1550 
digitizer (Molecular Devices). For calculation of response latency, the pre-stimulation 
period in each recording was used to obtain baseline mean and SD. The threshold was 
determined by mean ± 2*SD. The latency was determined when the voltage crosses the 




2.3.7. Motor mapping and electromyography recording 
The FOC was fix to a digital mouse stereotaxic instrument (Stoelting Co.). The bregma 
was calibrated to be coordinate (0,0), and the FOC was scanned through the mouse motor 
cortex with 1 mm interval laterally and posteriorly to the bregma. EMG was performed 
using needle electrode inserted subcutaneously and parallel to the forelimb triceps brachii 
muscle. Reference electrode was inserted in the footpad. A ground electrode was inserted 
subcutaneously on the trunk and ipsilateral to the stimulation site. EMG signals were 
acquired using a Multi Clamp 700B amplifier (Molecular Devices), filtered at 1 to 5,000 






2.4.1. FOC stimulates neurons in vitro with sub-millimeter spatial precision. 
 
Figure 2.3 FOC Integrated with an inverted wide field fluorescence microscope. DM: 
dichroic mirror. 
 




To investigate whether the FOC can directly modulate neuronal activity, we examined 
the response of cultured neurons to FOC stimulation. We treated rat cortical neurons (days 
in vitro 18 to 22) with a calcium indicator, Oregon Green™ 488 BAPTA-1 dextran (OGD-
1), and performed calcium imaging  using an inverted wide-field fluorescence microscope 
(Figure 2.3). The FOC was placed approximately 100 μm above the focal plane, in the 
center of the field of view. The acoustic wave was produced with laser pulses at a repetition 
rate of 3.6 kHz over a period of 200 ms, which corresponds to approximately 720 pulses 
(Figure 2.4).  Calcium transients were observed for all neurons in the field of view (max 
ΔF/F = 9.5 ± 2.9%, n = 36 cells from 3 cultures, data in mean ± SD) (Figure 2.5a,b). 
Addition of 15 μM intracellular calcium chelator BAPTA-AM significantly reduced the 
calcium signal (max ΔF/F = 2.6 ± 0.5%, n = 12,) (Figure 2.6) compared to neurons without 
BAPTA-AM (p = 1.17×10-5, two sample t-test). The response latency was found to be less 
than 50 ms, since the responses were observed at the first frame post stimulation onset 
across experiments with a camera acquisition rate at 20 Hz. To identify the threshold for 
FOC induced neural activation, we varied the stimulation duration to 100, 50 and 20 ms. 
The FOC successfully produced neural activation with 100 and 50 ms stimulation, but not 
with 20 ms stimulation (Figure 2.5c). We next asked whether the FOC can produce neural 
activation reliably and repeatedly. Eight burst of laser pulses, each with 200 ms burst 
duration and 2-second inter-burst interval, were delivered to the FOC. Stable calcium 
transients in response to each laser pulse train were observed (max ΔF/F = 12 ± 0.6%, 8 
pulses) (Figure 2.5d). No obvious morphological changes were detected in neurons 





Figure 2.5 FOC induces calcium transients in cultured primary neurons. 
a, Neurons loaded with OGD-1. b, The average trace of neuronal calcium trace (n=12) in 
response to 200 ms FOC stimulation. Shaded area: ± SD. c, Representative traces of 
neuronal response to 200-ms, 100-ms, 50-ms, and 20-ms FOC stimulation. d. Calcium trace 
of a neuron undergone repeated FOC stimulations. e. Representative image of a neuron 
before and after repeated FOC stimulations. Green arrows: stimulation onset. 
 
Figure 2.6 15 μM Calcium chelator BAPTA significantly blocks neural response to 200-
ms FOC stimulation (n = 12). Shaded area: ± SD. Green arrow: stimulation onset.   
 
To verify that the FOC-induced calcium transients are specific to neurons, we loaded 




calcium signal (max ΔF/F = 0.7 ± 2.7%, n = 52) significantly smaller than that in neurons 
(p = 1.98×10-7, two sample t-test) (Figure 2.7).  Next, we obtained a rat glial culture loaded 
with OGD-1 and delivered 200-ms FOC stimulation to morphologically identified 
astrocytes, and observed responses (max ΔF/F = 1.2 ± 0.6%, n = 82) significantly smaller 
than the calcium transients produced by FOC stimulated neurons (p = 1.16×10-6, two 
sample t-test) (Figure 2.8). The glial culture was immuno-stained after experiment and was 
confirmed as GFAP positive. These data suggest that the FOC reliably and selectively 
activates neuronal cells in vitro. 
  
 
Figure 2.7 PC3 cells show no response to FOC stimulation.  
a, Oregon Green labelled PC3 cells. b, Calcium response to a 200-ms FOC stimulation 





Figure 2.8 Glial cells show significantly smaller response to 200 ms FOC stimulation.  
a, OGD-1 loaded glial cell culture. b, Glial cell culture stained with GFAP. c, Glial response 





Figure 2.9 Spatially confined acoustic wave and neural stimulation induced by FOC.  
a, FOC wavefront reconstruction by the transducer array. Note only part of the wavefront 
is reconstructed due to the limited receptive angle of the transducer array. b, Acoustic 
intensity attenuates significantly as the distance to the FOC increases. c, d, Spatial 
distribution of maximum neuronal calcium response induced by 200 ms FOC stimulation. 
Dashed line: placement of FOC. e, Sorted calcium traces of neurons by the distance from 
the cell to the FOC. Green arrow: stimulation onset.   
 
A key advantage of FOC over traditional ultrasound transducers is that the FOC emits 
pulsed ultrasound waves locally at the coated fiber tip, which allows localized stimulation. 
If homogeneous omnidirectional propagation is assumed, as the wavefront propagates and 






I0 is the intensity at the FOC surface, and r is the radius of the FOC tip. Since the acoustic 
pressure p is  𝑝 = √𝐼 ⋅ 𝑍 , where Z is the acoustic impedance. This gives the acoustic 
pressure p at distance d as 𝑝& =
(




attenuate quickly when propagating in the medium. To experimentally characterize the 
attenuation of acoustic wave with distance, we used a transducer array to perform 
wavefront reconstruction. Wavefronts at 6 different time delays with 0.4 μs interval was 
stitched together in Figure 2.9a. We fitted the curve with the equation described above. 
With a FOC tip of 600 μm in diameter, the acoustic intensity is attenuated by 61% at 1.0 
mm away from the tip under water (Figure 2.9b). This result demonstrates submillimeter 
spatial precision. Since the brain tissue has a much higher ultrasound attenuation 
coefficient (0.6 dB/cm MHz) than water (0.0022 dB/cm MHz)100, we expect the FOC to 
produce even more localized acoustic wave inside the brain. To demonstrate that FOC 
induced neural activation is spatially confined, we placed the FOC at the edge of the 
imaging field of view and delivered a laser pulse train of 200 ms duration (Figure 2.9c). It 
was observed that neurons within 500 μm distance from the FOC showed reliable calcium 
response, and that the amplitude of the response is highly dependent on the relative distance 
from the FOC (Figure 2.9d). When we sorted the neurons by their distance from the FOC, 
we found that neurons that are within 500 μm to the FOC showed strong responses (max 
ΔF/F = 9.4 ± 3.4%, n = 10), while neurons that are 500 μm to 1.0 millimeter away showed 
significantly smaller responses (max ΔF/F = 1.5 ± 1.0%, n = 13, p = 1.9×10-4, two sample 
t-test) (Figure 2.9e). These data demonstrate that the effect of FOC is highly localized 
within a 500 μm radius, which provides one order of magnitude better spatial resolution 





Figure 2.10 FOC-mediated neural activation is not induced by laser or heat.  
a, Average trace of neuronal Calcium trace in response to lase stimulation and FOC 
stimulation. Shaded area: ± SD. b, Surface temperature dynamics of FOC tip during laser 
excitation. Green arrow: stimulation onset.  
 
To eliminate the possibility that the activation is due to laser illumination, we measured 
the leaked light energy from the FOC tip with a photodiode and found only 0.11% of the 
laser leaked out of the FOC. Additionally, we used an uncoated optical fiber and delivered 
the same laser pulses with 10% of the laser intensity at 3.6 kHz repetition rate and 200 ms 
duration directly to the neuron.  No calcium transients were observed (Figure 2.10a). To 
examine the possibility of photothermal neural activation, we measured the heat profile of 
the FOC tip using a miniaturized ultrafast thermal probe. The temperature increase on the 
FOC surface was found to be 1.6, 0.9, 0.5 °C for 200, 100, 50 ms laser stimulations, 




reported threshold for thermal induced neural activation (ΔT > 5 °C)41. Therefore, the 
neural activation effect is most likely contributed by the generated acoustic wave. 
2.4.2. FOC induces direct neural activation of targeted region in vivo. 
Since we demonstrated that the FOC can reliably stimulate neurons with high spatial 
precision in vitro, we next moved on to investigate whether FOC can successfully induce 
neural activation in vivo in mouse brain, with similar spatial precision. A mouse was 
anesthetized with 1% isoflurane, and a cranial window was made above the primary 
somatosensory cortex (S1) and primary auditory cortex (A1) based on stereotaxic 
coordinates with the dura intact (Figure 2.11a). First, we investigated whether FOC can 
produce activation of the local cortical area. The FOC was brought close to contact the 
brain surface and immersed in saline. Laser pulse trains with 200 ms and 50 ms duration 
were delivered to the FOC, and neural activities were recorded with a tungsten electrode. 
We observed robust local field potential (LFP) response to the FOC stimulation for both 
stimulation durations, with response latency of 15.87 ± 1.34 ms (n = 9, from 3 mice) (Figure 
2.11b), which is indicative of direct neural activation. When the FOC was lifted up by 100 
μm without contacting the brain or immersing saline, the FOC failed to induce any neural 
activation (Figure 2.11c). This result indicates that the neural activation is induced by 
acoustic waves that have minimal propagation in the air. Next, we delivered FOC 
stimulation to the ipsilateral A1, which is approximately 2 mm away from the S1 recording 
site. No neural response was detected, which indicates that the FOC stimulation was 
spatially confined to S1 (Figure 2.11c). To further quantify the spatial precision in vivo, we 




LFP amplitude drops from 159.8 ± 13.2 μV to 10.5 ± 5.1 μV at 400 µm away (n = 3) 
(Figure 2.11d), demonstrating superior spatial confinement of FOC stimulation in vivo.  
 
Figure 2.11 FOC induces neural activation in vivo in mouse brain.  
a, Placement of FOC in S1 and A1, and ipsilateral recording electrode in S1 test the spatial 
confinement of FOC stimulation. b, S1 LFP response to 50 ms and 200 ms FOC stimulation 
delivered to S1. Insert: zoomed in LFP trace showing response latency.  c, S1 LFP response 
to S1 LFP response to FOC and stimulation delivered to S1 without contact FOC 
stimulation delivered to ipsilateral A1. d, LFP amplitude recorded at different distance 
from the FOC. e, Placement of FOC in S1 and recording electrode in ipsilateral S1 and 
contralateral A1 to test the involvement of the auditory pathway. f, LFP response pf 





Since ultrasound stimulation by auditory pathway has been reported90, 91, we examined 
whether the auditory pathway is involved in the FOC stimulation. One cranial window was 
made above the S1 region, and another on the contralateral A1 region. The FOC stimulation 
was delivered to the S1, and the recording electrode was placed in the ipsilateral S1 or 
contralateral A1 (Figure 2.11e). If the auditory pathway is involved, we would expect to 
observe strong responses in the contralateral A1 with ~50 ms delay 91. However, a FOC 
stimulation of 200 ms duration on the S1 evoked robust LFP response on ipsilateral S1, but 
failed to evoke any response in the contralateral A1 (Figure 2.11f). Finally, to rule out the 
possibility of laser or ultrasound-induced electrical artifact of the electrode, we record 
voltage change on the FOC surface in saline and found that laser pulses of 200 ms duration 
produced no voltage change on the FOC tip (Figure 2.12). Collectively, these data suggest 
that the FOC produces direct neural stimulation in vivo with high spatial and temporal 
precision, without the involvement of the auditory pathway.  
 





2.4.3. Acoustic mapping of mouse forelimb muscle representation in the motor 
cortex. 
 
Figure 2.13 FOC stimulation of the motor cortex induces an EMG response recorded from 
contralateral forelimb. Blue box: stimulation duration. Source data are provided as a Source 
Data file. 
Since ultrasound is known to modulate motor activities in vivo44, 51, 94, we next turned 
to the motor cortex to investigate the functional outcome of the FOC mediated neural 
modulation. The FOC was placed on the motor cortex based on stereotaxic coordinates and 
an electromyograph (EMG) electrode was inserted subcutaneously and parallel to the 
triceps brachii muscle (Figure 2.14a). A laser pulse train over a period of 200 ms was 
delivered to the FOC, while the muscle potential was recorded simultaneously. The FOC 
stimulation in the motor cortex evoked strong EMG responses (396.7 ± 135.8 μV) recorded 
from the forelimb triceps brachii muscle, with a mean latency of 49.7 ± 12.8 ms (n = 9, 
from 3 mice). As a control, no responses were recorded without FOC stimulation (Figure 
2.13). To demonstrate the spatial precision of FOC stimulation, we scanned the FOC 
stimulation site on the motor cortex, to map the motor representation for forelimb triceps 




spacing was chosen between each stimulation location. We scanned a 3´3 mm2 area which 
covers the majority of motor cortex, and obtained the maximum peak to peak amplitude of 
the EMG response to the stimulation. A heat map of normalized EMG amplitude is shown 
in Figure 2.14b, each point on the map is an average of 3 trials on the same stimulation 
location. Inserts show 3 representative EMG traces of a strong, medium and weak muscle 
responses recorded at 3 different locations respectively. The maximum EMG responses 
were obtained at AP 0, ML 1 and AP 1 ML 2, which is in agreement to previous motor 
mapping studies using intracortical micro current stimulation (IMCS), and photoactivation 
of ChR2 expressing mice101.  In comparison, we find that FOC stimulation delivered to the 
S1 cortex also evoked EMG responses on the forelimb muscle, but with a much longer 
latency (571.2 ± 235.9 ms, n = 6, from 2 mice, p = 1.5×10-4, two sample t-test) (Figure 
2.14c,d). The latency was in the same range as studies using IMCS and single cell 
stimulation in the S1102. After stimulation, the brain was extracted for histology. No tissue 
damage was observed after repeated stimulation (Figure 2.15). Collectively, these results 
show that the FOC can differentially modulate mouse motor cortex and somatosensory 
cortex at sub-millimeter spatial precision, which is which is not currently possible with 





Figure 2.14 Mapping of forelimb representation in the motor cortex by FOC stimulation.  
a, schematic of experiment. b, Heat map showing maximum peak to peak EMG response 
amplitude to FOC stimulation on different locations of the motor cortex. Inserts: 
representative EMG traces from indicated locations. c, Representative traces of forelimb 
EMG responses to S1 FOC stimulation. d, Average delay of EMG responses to M1 and S1 
stimulation. Blue box: stimulation duration. Error bars: ± SD. **: p < 0.01, two sample t-
test. 
 
Figure 2.15 H&E staining of a coronal brain section. Insert shows zoomed in image of 





We demonstrated a miniaturized FOC that can induce neural activation with high 
spatial precision both in vitro and in vivo. The FOC has a ball-shaped coated tip with a 
diameter of ~600 μm and allows omnidirectional generation of acoustic wave at 1 to 5 
MHz and with the acoustic intensity of 0.48 MPa at the fiber surface. Strong spatial 
confinement of optoacoustic intensity is achieved by the nano-composite diffusion layer 
and the ball-shaped geometry. The neural response is shown to be neither thermal nor laser-
induced. The high spatial precision of FOC stimulation was demonstrated by mapping of 
the representation of the forelimb triceps brachii muscle. With transcranial ultrasound 
modulation, such mapping was reported to be difficult, if not impossible, in mice due to 
lack of spatial resolution51. 
An important observation is that the acoustic wave generated by the FOC directly 
activates targeted cortical area in vivo, instead of indirect activation through the auditory 
pathway. This finding is supported by multiple pieces of evidence. First, the FOC is able 
to stimulate cortical neurons in culture, where no auditory circuits are involved; second, 
the FOC stimulated targeted cortical area only with less than 20 ms delay, which is 
indicative of direct stimulation; third, the stimulation was delivered to the cortex directly, 
avoiding any possible bone transduction to the cochlear; finally, the FOC stimulation did 
not induce neural response on the auditory cortex contralateral to the stimulation site, thus 
eliminating the involvement of the auditory pathway. Our results are consistent with 
previous studies where focused ultrasound can directly stimulate hippocampal slices, 




Although the FOC and piezo-based transducer both can generate acoustic waves in the 
ultrasonic frequency, significant differences exist between these two devices. First, the 
FOC with a diameter of around 600 μm is significantly smaller than most commercially 
available ultrasound transducers. The FOC size can be further reduced by using optical 
fiber with a smaller diameter and reducing the coating layers. The much smaller size allows 
the FOC to be implantable and can be used for behavior study in live free-running animals, 
which is impossible with traditional ultrasound transducers. Second, the FOC generates 1-
microsecond pulsed acoustic waves repeated at 3.6 kHz. The duty cycle of this acoustic 
wave is about 0.36%. This low duty cycle avoids ultrasound heating of biological tissues, 
making the FOC device particularly suitable for in vivo applications. However, these two 
modalities do share some similarities. For most transcranial ultrasound neural modulation 
applications, the peak pressure ranges from 0.1 to 2 MPa52, 87. The peak acoustic pressure 
generated by the FOC was measured to be 0.48 MPa which falls into the range of 
ultrasound intensity used for neural modulation reported in the literature. Furthermore, a 
wide range of frequencies has been reported to achieve neural modulation (200 kHz to 32 
MHz)52, 87. Generally, the lower frequency is used for transcranial stimulation, and a higher 
frequency is used to achieve high spatial confinement. The current FOC generates 
broadband ultrasound wave with multiple peaks ranging from 1 to 5 MHz, where the spatial 
precision is achieved because the acoustic wave intensity from the FOC tip attenuates 
rapidly with distance. 
The mechanism of optoacoustic neural stimulation is yet to be investigated 87. 
Ultrasound neural stimulation and optoacoustic neural stimulation are similar in the way 
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that both methods create a mechanical disturbance on the neuronal membrane and are likely 
to share the same mechanism. Two mechanisms are proposed for ultrasound neural 
stimulation: ultrasound induced intramembrane cavitation 49, 103, 104 and activation of 
mechanosensitive channels 48, 105. Future studies using specific mechanosensitive channels 
blockers are needed to identify the relative contributions of these two mechanisms. 
Finally, we note that the FOC tip is very versatile and can be easily customized for 
more advanced applications. The propagation of the generated acoustic wave depends 
largely on the FOC tip geometry. While the ball-shaped FOC tip allows omnidirectional 
acoustic wave propagation with a rapid attenuation of optoacoustic intensity with distance, 
other geometries can be adopted to generate forward, focused and even patterned, complex 
acoustic field81, 106, 107. These advanced geometries can be used for neural modulation at 
even higher spatial resolution. Additionally, the fiber-based design allows the FOC to be 
implanted for longitudinal study in live, behaving animals. Given the increasing popularity 
of ultrasound neuromodulation, the compactness, cost-effectiveness, and versatility of 
FOC open a lot of opportunities to utilize the optoacoustic effect to achieve high-precision 
neural stimulation. Without the need for genetic modification, we expect that FOC will 
eventually be used for neural modulation on human subjects, similar to electrode-based 
deep brain stimulation but in a metal-free manner. 
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CHAPTER 3. NON-GENETIC ACOUSTIC STIMULATION WITH SINGLE 
NEURON SPATIAL RESOLUTION BY A TAPERED FIBER 
OPTOACOUSTIC EMITTER 
Linli Shi and Guo Chen fabricated the TFOE device. Ying Jiang and Linli Shi 
performed the imaging experiments. Dr. Fernando Fernandez performed the 
electrophysiology experiments. Ying Jiang and Linli Shi analyzed the data. Nan Zheng and 
Dr. Heng-Ye Man provided primary neuron cultures. Dr. Ji-Xin Cheng and Dr. Chen Yang 
supervised this project.  
 As an emerging technology, transcranial focused ultrasound has been demonstrated to 
evoke motor responses in mice, rabbits, and sensory/motor responses in humans. Yet, the 
spatial resolution of ultrasound does not allow for high-precision stimulation at single cell 
level. Here, we overcome this limitation through the development of a tapered optoacoustic 
emitter, which offers an unprecedented spatial resolution of 20 microns for acoustic 
stimulation of neurons. The high precision further enables acoustically targeting a 
subcellular region such as axons and dendrites. A single acoustic pulse of 1 microsecond 
duration, induced by a single laser pulse of 3 nanosecond, successfully evokes neuron 
stimulation as the shortest acoustic stimuli so far. Moreover, our device allows highly 
stable patch clamp recording on single neuron upon stimulation, which was reported to be 
difficult for conventional ultrasound transducer. By coupling TFOE with ex vivo brain 
slice electrophysiology, we unveil cell type specificity of excitatory and inhibitory neurons 




sub-cellular modulation technology, which could shed new insights into the mechanism of 
ultrasound neurostimulation.  
3.1. Introduction  
 Neuromodulation at high spatial resolution poses great significance in advancing 
fundamental knowledge in the field of neuroscience as the firing of small population or 
even single neurons can alter animal behavior or brain state108, 109. Clinically, precise neural 
stimulation lays the fundamentals for procedures such as retinal stimulation4, 110 and 
selective dorsal rhizotomy111, where selective activation of a small population of neurons 
or axon fibers is required. Historically, electrical stimulation has been the most important 
technique for neuromodulation. Deep brain stimulation, as the most prescribed 
neuromodulation method clinically, has been used for treating neurological and psychiatric 
disorders, such as Parkinson’s Disease, depression, and epilepsy9-11. However, the spatial 
resolution of electrical stimulation is limited by the spread of the electric current, which 
may distribute over several millimeters and outside of the area of targeting12. Additionally, 
these implantable electrodes, typically built with metals and/or electronic components, are 
incompatible with MRI, making it difficult to assess the outcome of stimulation through 
fMRI in humans and in primates13, therefore impeding the understanding of the functional 
effect of stimulation at a larger scale. Also, metal electrodes are known to induce neural 
inflammation at the implantation site14, 15, raising concerns on the long term side effect due 
to poor biocompatibility. Providing high spatial precision and cell specificity, optogenetics 
has been shown as a powerful method of modulating population neural activities in rodents 




humans. Toward non-genetic stimulation, photothermal neural stimulations based on light 
absorption of water has been reported 35-37, and it has attracted increasing interest in basic 
science and translational application38-40. In infrared photothermal neural stimulation 
(INS), near-infrared light between 1.5 and 2 µm in wavelength is delivered through a fiber 
and converted into temperature increase in water with sub-millimeter precision112, where 
the associated heating raises a significant concern of tissue damage113. As a rapidly 
growing modality, focused ultrasound has been harnessed in a myriad of brain 
neuromodulatory applications54, 114,115, given its non-invasive nature with deep penetration 
depth116. However, ultrasound focus is limited by the acoustic wave diffraction, resulting 
in a limited spatial resolution at the level of several millimeters54, which hinders the study 
of specific brain regions. Moreover, because the ultrasound field can easily disrupt the 
gigaOhm seals117, it is challenging to integrate ultrasound stimulation with whole-cell 
patch-clamp electrophysiology, which is the gold standard technique for high-fidelity 
analysis of the biophysical mechanisms of neural membrane and ion channels118.  
By exploiting the optoacoustic effect in which pulsed photons are absorbed to produce 
an ultrasound wave96, our team  recently developed a fiber-based optoacoustic converter, 
which achieved neural stimulation in vitro and in vivo at submillimeter spatial 
resolution119. Yet, such resolution is still insufficient for targeting subtypes of neuron at 
single cell level or sub-cellular structures. In addition, the device does not allow stable 
integration with patch clamp on the same cell being stimulated. New capabilities, including 
single and subcellular precision and integration of single cell electrophysiology recording, 




offer high precision for potential clinical applications.  
Here, we report significant advancement in both spatial resolution and optoacoustic 
conversion efficacy. First, instead of using a multimode fiber as in our earlier work, we 
taper the fiber to produce a tip diameter as small as 20 µm. Second, instead of using 
graphite powder in epoxy as a converter, we apply carbon nanotubes embedded in a PDMS 
matrix with improved solubility, which boosts the conversion efficiency by one order of 
magnitude86 and allows highly efficient photoacoustic signal generation from the tapered 
fiber tip. Third, to overcome the reduced viscosity of PDMS induced by high CNT 
concentration, a new deposition method was developed to achieve stable coating on the 
fiber tip. These three innovations result in a miniaturized tapered fiber optoacoustic emitter 
(TFOE) capable of generating ˃57 kPa pressure with a spatial confinement around 20 µm, 
which offers an ultra-high spatial resolution for ultrasound stimulation. Using TFOE, we 
demonstrated single cell stimulations and subcellular stimulation of axons and dendrites. 
Single acoustic pulse with duration of 1 microsecond was applied to achieve neuron 
stimulation, which was the shortest duration of acoustic stimuli to the best of our 
knowledge117. This capability could potentially improve the temporal resolution.  
Importantly, the near field acoustic wave generated by TFOE allowed photoacoustic 
stimulation with simultaneously monitoring cell response using whole cell patch clamp 
recording, which had been reported as a challenge for traditional ultrasound117. Our studies 
revealed cell type specific response to acoustic stimulation for excitatory and inhibitory 
neurons in mouse brain slices, which had not been identified in prior studies. These 




high-precision stimulation of the neural system, and as a tool for investigations into the 
mechanisms of acoustic neural stimulation and MRI compatible clinical application. 
3.2. Fabrication of the fiber optoacoustic emitter (TFOE). 
Our fiber optoacoustic emitter was fibricated by coating the distal end of an optical 
fiber with light absorbers and thermal expansion matrix, as shown in Figure 3.1b. 
Tominiaturize the fiber tip and achieve single cell resolution, we tapered a multimode fiber 
gradually from the full diameter of 225 µm to 20 µm via a thermal tapering technique (see 
Methods). To convert the light energy into acoustic waves with maximum efficiency120, 
we have optimized the absorption/thermal expansion layer, which composes of 
nanostructures with strong light absorption (multi-wall carbon nanotubes, MWCNTs) 
embedded in a polymer with a high thermal expansion coefficient (PDMS) 86. Then, to 
achieve a uniform and controlled coating on the 20 µm cross-section of the tapered end, 
we developed a punch-through method as shown in Figure 3.1b. The coating matrix of 
CNT/PDMS/IPA casted on a metal mesh formed a uniform film via surface tension. When 
the tapered fiber was punched through the film, the coating was transferred to the tapered 
tip. The resulted tapered fiber photoacoustic emitter was confirmed to have a CNT/PDMS 
coating of a thickness of ~10 µm and an overall size of 20 µm, meeting the needs of single-
cell targeting (Figure 3.1b bottom). Next, a 1030 nm nanosecond pulsed laser (7.8 mW, 
1.7 kHz) was delivered to the TFOE generating optoacoustic field. Figure 3.1c shows the 
average trace of acoustic waveform measured 3.5 mm away from the tip, with a peak to 
peak voltage of 0.064 Volts. The near field ultrasound pressure was estimated to be 56.7 




spectrum of the acoustic waveform after FFT exhibits a broadband acoustic frequency from 
0 to 10 MHz with a peak frequency at 1.0 MHz (Figure 3.1d), which is within the most 
frequently used range for ultrasound neuromodulation42. Due to the intrinsic acoustic 
diffraction limit, conventional transducer array is not able to provide sufficient spatial 
resolution to characterize the localization of the field. Alternatively, the motions of 
fluorescence beads (PMMA, Dia. 9 µm) dispersed in PBS under the application of the 
TFOE were used to visualize the acoustic field (Figure 3.2). Under the laser burst duration 
50 ms (7.8 mW), two beads labeled in red showed a displacement of 5 µm, while other 
beads ~20 µm away from the TFOE tip remained stationary upon TFOE treatment, 
indicating that the acoustic field generated by the TFOE is within a distance of 20 µm. To 
characterize the thermal profile of TFOE during acoustic generation, temperature on the 
fiber tip was measured using a thermal camera. Two conditions used for successful neuron 
stimulation were tested: (1) laser pulse train 50 ms, laser power 7.8 mW, repetition rate 1.7 
kHz; (2) laser pulse train 1 ms, laser power 11.4 mW, repetition rate 1.7 kHz. Measured by 
a fiber thermal sensor and shown in Figure 3.2e, the tip surface temperature increased only 
by 0.8 °C at the condition (1) and 0.2 °C at (2), both of which were far below the threshold 
of thermal induced neuron modulation (ΔT≥5 °C)121, 122. Collectively, TFOE with a tip 
diameter of 20 µm is fabricated to serve as a point ultrasound source, producing ultrasound 
fields highly localized around 20µm from the tip. This unprecedented spatial confinement 
will enable high precision stimulation at single neuron level while minimizing thermal 





Figure 3.1 TFOE with 20 µm in tip diameter for high-precision optoacoustic stimulation.  
a, Schematic of TFOE enabling single neuron stimulation. b, MWCNT/PDMS/IPA 
mixture as coating material casted on metal mesh followed by punch through method with 
tapered fiber. Bottom: microscope image of TFOE utilizing CNT/PDMS coating as point 
acoustic source. (c-d) Representative acoustic signal in time domain c, and frequency 
domain d,. Shaded area in c,: ±SD (N=3). e, Surface temperature of TFOE tip during laser 
excitation of 50 ms (7.8 mW, Red) and 1 ms (11.4 mW, Blue), respectively. Shaded area: 





Figure 3.2 Localized acoustic wave induced displacement of micro fluorescence beads.  
TFOE provides 10 acoustic bursts with burst duration of 50 ms. Laser power: 7.8 mW. 
Fluorescence beads (PMMA, Dia. 9 µm) dispersed in PBS (2.5x106/cm3) are used to 
visualize the acoustic field. Two beads labeled in red show a displacement of 5 µm, while 




3.3.1. Optical fiber tapering. 
To control the tapering from the 200 µm size of a commercial optical fiber to 20 µm 
reproducibly, the multimode fiber was pulled at one end by a traction weight with the other 
end fixed. The pulling force, determined by the weight of the traction object, was found to 
be proportional to the square of the tapered end radius, therefore used as the key parameter 
to control the diameter of the tapered end. In this way, with a pulling force of 0.75 N, 
tapered fibers of 18.4±0.9 µm (N=5) in diameter were fabricated with high reproducibility. 
3.3.2. Fiber coating mixture 




elastomeric hosts fulfill these criteria and have resulted in particularly high conversion 
efficiencies120. To increase optoacoustic conversion efficiency in the tapered fiber and 
assure minimum light leakage, CNT concentration in PDMS was increased to 15% from 
10%, by introducing isopropyl alcohol (IPA) to form IPA-coated CNTs with hydroxyl 
groups. 
3.3.3. Acoustic characterization 
A customized and compact passively Q-switched diode-pumped solid-state laser (1030 
nm, 3 ns, 100 μJ, repetition rate of 1.7 kHz, RPMC, Fallon, MO, USA) was used as the 
excitation source. The laser was connected to an optical fiber through a homemade fiber 
jumper (SMA-to-SC/PC, ~81% coupling efficiency), then connected to the TFOE with 
SMA connector. To adjust the laser power, fiber optic attenuator sets (multimode, varied 
gap of 2/4/8/14/26/50 mm, SMA Connector) were used. One miniaturized ultrasound 
transducer with a central frequency of 5 MHz (XMS-310-B, Olympus, Waltham, MA, 
USA) was mounted on a motorized rotation stage to record the optoacoustic signals. The 
pressure of the photoacoustic waves generated was calibrated using a hydrophone with a 
diameter of 40 µm and frequency range of 1-20 MHz (Precision Acoustics Inc., Dorchester, 
UK). The ultrasonic signal was first amplified by an ultrasonic pre-amplifier (0.2–40 MHz, 
40 dB gain, Model 5678, Olympus, Waltham, MA, USA) and then sent to an oscilloscope 
(DSO6014A, Agilent Technologies, Santa Clara, CA, USA) to readout. The signal was 
averaged 100 times with the oscilloscope built in function. All of the devices were 
synchronized by the output from the active monitoring photodiode inside the laser. Data 




3.3.4. Cell culture 
The glass-bottom culture dishes used in the embryonic neuron cell cultures were 
immersed in 0.01% Poly- D-Lysine (Sigma-Aldrich, MO) for overnight at 4 °C and washed 
in PBS before culture initiation. Primary cortical neurons were obtained from SD rat.  
Cortices were dissected out from embryonic day 15 (E15) rats of either sex and digested in 
0.05% trypsin/ethylenediaminetetraacetic acid (EDTA, VWR, PA) 15 min at 37 °C and 
triturated every 5 min. Dissociated cells were washed with and triturated in 10% heat-
inactivated fetal bovine serum (FBS, Atlanta Biologicals, GA), 5% heat-inactivated horse 
serum (HS, Atlanta Biologicals, GA), 2 mM Glutamine-Dulbecco’s Modified Eagle 
Medium (DMEM, Thermo Fisher Scientific Inc., MA), and cultured in cell culture dishes 
(100 mm diameter) for 30 min at 37 °C to eliminate glial cells and fibroblasts. The 
supernatant containing neurons was collected and seeded on poly-D-lysine coated cover 
glass and incubated in a humidified atmosphere containing 5% CO2 at 37 °C with 10% 
FBS + 5% HS + 2 mM glutamine DMEM. After 16 h, the medium was replaced with 
Neurobasal medium (Thermo Fisher Scientific Inc., MA) containing 2% B27 (Thermo 
Fisher Scientific Inc., MA), 1% N2 (Thermo Fisher Scientific Inc., MA), and 2 mM 
glutamine (Thermo Fisher Scientific Inc., MA). 
3.4. Results 
3.4.1. TFOE allows neuron stimulation with single neuron precision in vitro. 
To test whether the TFOE provides sufficient spatial precision for modulating a single 
neuron in culture, we prepared primary rat cortical neurons expressing GCaMP6f and 




fluorescence microscope. Controlled by a micro-manipulator, a TFOE was placed 
approximately 5 µm away from a targeted neuron controlled by a micromanipulator. A 
nanosecond pulsed laser (pulse width: 3 ns) at 1030 nm and 1.7 kHz rep rate was used to 
deliver laser pulses of 50 milliseconds duration at 7.8 mW average power, corresponding 
to 85 pulses. Calcium transients were observed immediately after laser onset for the 
targeted neurons, while other neurons approximately 50 µm to 70 µm away from the tip 
remained unaffected (Figure 3.3), indicating high spatial resolution of TFOE stimulation. 
The calcium transient with max ΔF/F = 135%±83% (N = 6 from 3 cultures, data in mean 
± SD) indicates successful activation of the targeted neuron likely through firing of 
multiple action potentials evoked by TFOE stimulation. To further improve the temporal 
resolution, a laser pulse train of 1 millisecond  duration (2 pulses) at 11.4 mW power was 
delivered to the TFOE. Successful activation of single neurons was observed with a max 
ΔF/F of 106%±61% (N = 8 cells from 3 cultures, data in mean ± SD) (Figure 3.3).  
Figure 3.4 compared the TFOE stimulation with controls. The control group of 1 
millisecond TFOE with 3 μM TTX showed no activation, confirming that the calcium 
activities observed in the experimental groups resulted from Na+ channel-dependent action 
potentials. A laser only group with a pulse train of 1.0 s and 11.4 mW power using a tapered 
fiber without the coating showed no activation, therefore, the effect of the laser on the 
neuron activity can be excluded.  
We next investigated whether the TFOE can trigger neural activation reliably and 
repeatedly. Figure 3.3 shows the fluorescence intensity of a given neuron upon repeated 




of 1 min 20 s between stimulation were used.  Successful repeated stimulation on the same 
neuron also confirmed the neuron viability after TFOE stimulation. A decrease in max 
ΔF/F was observed after the sequential stimulation, which was attributed to calcium 
depletion123, 124. In addition, we demonstrated the precision of the TFOE stimulation using 
three neurons sequentially targeted by the TFOE. These three neurons had an edge-to-edge 
spacing of 25±2 µm in the same field of view. The TFOE was sequentially placed about 5 
µm away from each of the three targeted neurons using a micromanipulator. The maximum 
fluorescence intensity change (𝚫F/F) was color-labeled for each neuron in red, yellow and 
green, respectively  (Figure 3.3). Importantly, fluorescence increase was observed only for 
the targeted neuron without simultaneous activation of other neurons in the vicinity, 
indicating that TFOE stimulation provided a spatial resolution of less than 25 µm. These 






Figure 3.3 Fluorescence of GCaMP6f labeled single neurons in response to TFOE 
stimulation.  
a,b, Fluorescence images and calcium traces of single neurons in sparse population 
stimulated by TFOE (50 ms, 1 ms). c, Fluorescence images and calcium trace of one neuron 
undergone repeated TFOE stimulation 3 times. d, Sequential stimulation of 3 neurons (Max 




Figure 3.4 Fluorescence images and calcium traces of single neurons in sparse population 




Taking advantage of the controllability of laser pulse energy and pulse number, we 
explored the possibility of single pulse optoacoustic on neurons. The same nanosecond 
pulsed laser was used to deliver a single pulse to the TFOE. TFOE stimulation of the same 
GCaMP6f-expressing primary cortical neuron with different laser pulse energy was 
performed. No calcium transient was observed until the pulse energy reached 6 µJ/pulse 
(Figure 3.5). The duration of single pulse is approximately 1 microsecond, which is, to the 
best of our knowledge, the shortest acoustic stimuli for successful neuron modulation so 
far117. This capability could potentially enable further neural circuit study with 
unprecedented temporal precision requisite to mimic natural neural codes125. We further 
investigated the dependence of laser energy and pulse number on successful neuron 
stimulation. In previous studies, continuous wave and pulsed ultrasound with varied 
intensity and duration has been applied115. For example, the relationship between temporal-
averaged US intensity and response amplitude or success rate varies with the correlation 
found to be negative51 or positive126, 127. In the present work, first, the threshold of pulse 
energy for successful stimulation is defined as the energy sufficient to induce a maximum 
fluorescence intensity change (𝚫F/F) greater than 20% (𝚫F/F of 20% for GCaMP6f 
corresponds to ≥ 1 action potential128). The result shows a monotonic decreasing from 6.3 
µJ, 4.9 µJ to 3.9 µJ when increasing the pulse number from 1, 2 to 4, and remains relatively 
constant at 3.9 µJ and 3.6 µJ when the pulse number increased to 6 and 8. These results 
demonstrated the following key findings. First, photoacoustic stimulation with a single 
pulse enabled by a higher laser pulse energy is sufficient for neural stimulation. Second, 




to 4 shows that with smaller pulse energy, subthreshold depolarization accumulates with 
increasing of pulse number, consistent with previous reports that ultrasonic stimulus can 
be integrated over time42,129. Third, the flattening trend of the threshold energy from 4 to 8 
pulses implies the presence of threshold around 4 µJ/pulse, below which the action 
potential can hardly be evoked with even further elongation of the pulse train42, 129. 
 
Figure 3.5 Pulse energy dependence of TFOE stimulation.  
a-c, Fluorescence images of GCaMP6f labeled neuron before and after TFOE stimulation 
with single pulse. d, Calcium trace of neuron undergone stimulation. Blue line: onset of 
acoustic stimulation with duration of 1 µs. e, Quantification of pulse energy threshold for 
successful neuron stimulation as a function of pulse number (N=5-7).  
 
3.4.2. Subcellular TFOE stimulation of axons and dendrites evokes differential 
calcium signal propagation. 
Upon successful stimulation of cultured primary neurons, we further investigated 
whether the TFOE can target other subcellular structures besides the soma. To this end, the 
TFOE was first carefully placed above the targeted area where axons and dendrites densely 
populate without presence of somas. A 1030-nm laser pulse train with a duration of 1 




TFOE. Increase in fluorescence intensity at the targeted area was clearly observed after 
laser onset, indicating successful TFOE stimulation by targeting neurites (Figure 3.6). 
Three different calcium dynamics were captured through imaging throughout the field of 
view. First, a slow propagation of calcium wave initiating from the targeted region and 
spreading in the neural network was observed after TFOE stimulation (Figure 3.7). The 
speed of the calcium wave propagation was calculated to be 75.2 µm/s, which was in 
agreement with the dendritic calcium wave induced by synaptic activity or by activity of 
metabotropic glutamate receptors (mGluRs) and backpropagating action potentials, which 
showed a speed of ~70 µm/s. Second, 4 sites in the field of view showed elevated 
fluorescence signal before the spreading of calcium wave (Figure 3.6). The neurites in the 
targeted region (Figure 3.6, labeled	purple) and the neuron 1 (Figure 3.6, labeled	cyan) 
with axon directly connecting to neurites in the targeted region showed fast calcium 
transients immediately after laser onset (Figure 3.6), which resembles backpropagation of 
action potentials. Considering that an unmyelinated axon would conduct action potential 
spikes at a speed of 500 µm/milliseconds  to synapses130, the propagation from neurites to 
neuron 1 (distance of approximately 100 µm) only requires 0.2 milliseconds , which 
explained why the offset was non-detectable for the camera with a sampling interval 50 
milliseconds. Third, neuron 2 and 3 (Figure 3.6, labeled	red) in the vicinity but without 
axons connecting to the targeted area showed an activation delay of ~0.2 s (Figure 3.6) 
with similar temporal dynamics. This signaling was likely attributed to action potential 
evoked through synaptic transmission, since it showed faster propagation speed than the 




This capability of TFOE induced stimulation on subcellular structures, specifically on 
axon and dendrites, was then utilized to elucidate whether axon and dendrite have distinct 
response profiles to optoacoustic stimulation. In Figure 3.6e, three neurites in a multipolar 
neuron were targeted separately by the TFOE. TFOE stimulation only on one of the 
neurites (red) induced strong calcium activation on the soma with no delay (Figure 3.6j). 
Thus, this neurite is identified as axon, since such back-propagating activation resembles 
backpropagation of action potentials in an axon. On the other hand, TFOE stimulation of 
the other two neurites (yellow and blue) did not induce any activation on soma (Figure 
3.6). Thus, they were identified as dendrites. Neuronal dendrites are known to integrate 
synaptic inputs from upstream neurons, which involves summation of stimuli that arrive in 
rapid succession, entailing the aggregation of inputs from separate branches. In our case, 
the forward propagation of a single dendrite is not sufficient to evoke action potential in 
the soma. This differences between responses of axon and dendrite upon acoustic 
stimulation at the single cell level are shown to be repeatable across multiple neurons. 
Collectively, these data reveal differential response dynamics of axons and dendrites to 





Figure 3.6 Optoacoustic evoked sub-cellular stimulation on neurites.  
a, b TFOE evoked axon stimulation with calcium wave propagating along neuron network. 
Scale bar: 50 µm. c. maximum florescence intensity change of all neurons in the field of 
view. d. Calcium trace of axon (orange), neuron with direct connection to the stimulated 
neurites (yellow) and neuron without direct connection to the stimulated neurites (red). e 
A multipolar neuron with TFOE targeting axon (red) and dendrites (yellow and green). f-
h. Maximum ΔF of calcium signal upon stimulation of different areas. i. Calcium traces of 





Figure 3.7 TFOE evoked axon stimulation with calcium wave propagating along neuron 
network. 
Fluorescence contrast images were taken at varied time points. White circle: the position 
of TFOE tip. Scale bar: 50 µm.  
 
3.4.3. TFOE evokes cell type specific responses in brain slices revealed by patch 
clamp recording. 
A key advantage of single-neuron TFOE stimulation is that it can be compatible with 
intracellular patch clamp recordings. While the calcium response to the stimulation has 
limited temporal resolution, direct recordings using intracellular patch clamp recordings 
stand as the golden standard to study sub- and supra-threshold neuron activity. 




membranes, so intracellular patch clamp recordings have been challenging during 
conventional ultrasound stimulation. Our optoacoustic stimulation recorded with patching 
provides a new testing system to gain insights towards mechanical modulation of neural 
systems. 
Taking advantage of this localized photoacoustic field with minimized mechanical 
disruption, we integrated TFOE stimulation with patch clamp recording on single neurons 
in mouse cortical slices to detect the direct electrical response to optoacoustic single neuron 
stimulation. As shown in Figure 3.8a, brain slice of mice is expressing tdTomato in GAD2 
interneurons. Thus, GAD2-tdTomato positive inhibitory interneurons and GAD2-
tdTomato negative pyramidal neurons can be selectively targeted (Figure 3.8b). TFOE can 
be integrated with the patch pipette to induce depolarization leading to action potential 
generation in the targeted neuron. The neuron membrane voltage can be measured precisely 
with an unprecedented stability upon TFOE stimulation. 
For excitatory pyramidal cells, Under the current clamp mode, a train of action potential 
was observed immediately after TFOE stimulation at 5 µm (Figure 3.8). The result was 
consistent with previous calcium imaging with ~ 150% ΔF/F in fluorescence change. When 
the TFOE was moved from 5 to 10 µm away from the neurons (Figure 3.8c, d), the action 
potentials give way to a subthreshold depolarization, indicating a high confinement of the 
acoustic field in the tissue.  
Next, we targeted tdTomato positive interneurons. TFOE induced subthreshold 
depolarization in inhibitory interneurons held at -75 mV, and the electrical response over 




due to the direct interruption of the membrane integrity by the acoustic wave, and the 
following broad peak is likely due to an inward channel current, and might indicate the 
involvement of ion channels.   
Figure 5f shows that TFOE stimulation evoked action potentials on inhibitory 
interneurons held at -40 mV in current clamp. With the membrane depolarized via injecting 
positive currents to near -40 mV, a short train of three action potentials was observed upon 
TFOE stimulation (Figure 3.8). The distinct response of excitatory pyramidal neuron and 
inhibitory interneurons to acoustic stimulation is likely contributed by multiple factors 
including the intrinsic threshold of activation of these two cell types131, as well as 
distribution of mechanosensitive ion channels that have different response dynamics to 
acoustic radiation force132, 133.  In summary, the TFOE provides an unprecedented stable 
ultrasound source compatible with patch clamp recordings, holding promise to shed light 





Figure 3.8 Single neuron patch clamp with TFOE stimulation.  
a,b Two photon imaging of patch clamp integrated with TFOE in a mouse brain slice 
targeting GAD2-tdTomato negative pyramidal neurons and GAD2-tdTomato positive 
inhibitory interneurons.  The patch pipette is visualized using the cyan-green fluorescent 
dye Alexa Fluor 488 in the intracellular electrode solution c, d, Membrane voltage response 
in an excitatory pyramidal cell upon TFOE stimulation (5 ms) at a distance of ~5 µm b, 
and ~10 µm d,. e, f, Voltage response in an inhibitory interneuron upon TFOE stimulation 






In this study, we developed TFOE that generates acoustic waves locally with the spatial 
resolution of ~ 20 µm, enabling optoacoustic neural modulation with single neuron and 
subcellular precision. The near field acoustic wave generated by TFOE allows 
photoacoustic stimulation with simultaneously monitoring cell response using whole cell 
patch clamp recording, which has been reported challenging for conventional ultrasound 
transducer. Coupling TFOE with ex vivo brain slice electrophysiology, we unveil cell type 
specific response to acoustic stimulation for excitatory and inhibitory neurons.   
The optoacoustic effect has been extensively used for biomedical imaging96, and more 
recently, it has been explored for neuromodulation purposes119. Compare to its predecessor 
the TFOE takes advantage of the highly efficient optoacoustic conversion layer made of 
carbon nanotubes of improved solubility embedded in a thermo-expansive PDMS matrix, 
which significantly improves light to sound conversion efficiency86. Additionally, the 
punch through coating method ensures even coating of the fiber tip with great reliability. 
A key advantage of the TFOE is its unprecedented spatial resolution. Transcranial 
ultrasound neuromodulation has been demonstrated in rodents114, non-human primates53 
and in humans54. However, due to the wave diffraction limit, transcranial focused 
ultrasound neuromodulation often offers the spatial precision of a few millimeters54, which 
prohibits site-specific modulation in small animals. To break this limitation, TFOE 
generates localized acoustic field at 1 MHz with spatial resolution of ~ 20 µm, which is 3 
orders of magnitude smaller compared to the acoustic wavelength. Utilizing the localized 




and revealed the differential response to TFOE stimulation of subcellular structures by 
specifically targeting the neuronal soma, dendrites and axons. 
By harnessing the controllability of the pulsed laser, we identified the accumulative 
effect of acoustic stimulation, indicating that ultrasonic stimulus can be integrated over a 
finite duration to become effective. The result also implies the presence of energy 
threshold, below which the calcium signal can not be evoked with even further elongation 
of the pulse train. These observations are consistent with previously reported ultrasound 
neuromodulation42,129. More importantly, successful stimulation is achieved with a single 
laser pulse of 3 nanoseconds, which represents significant improvement of temporal 
resolution of current acoustic stimulation techniques. 
Furthermore, TFOE allows integration of acoustic stimulation with whole cell patch 
clamp recordings. In this work, we demonstrated electrophysiological recordings of TFOE 
stimulated single neurons in brain slices and revealed cell type specific response of 
excitatory pyramidal neurons and inhibitory interneurons to TFOE stimulation. The 
distinct responses are likely contributed by multiple factors including intrinsic threshold of 
activation of these two cell types131, as well as distribution of mechanosensitive ion 
channels that have different response dynamics to acoustic radiation force132, 133. Thus, 
further study on the ion channel involvement during acoustic stimulation by 
pharmacologically or genetically modifying ion channels can potentially provide new 
insight to the electrophysiological mechanism of mechanical neuromodulation.  
In summary, this genetic-free, single-cell stimulation technique may prove powerful 




understanding how individual neurons work together in networks to implement neural 
computation. Lastly, without any metal components, the TFOE is immune to 
electromagnetic interference and is compatible with magnetic resonance imaging (MRI)120, 




CHAPTER 4. NEURAL STIMULATION IN VITRO AND IN VIVO BY 
PHOTOACOUSTIC NANOTRANSDUCERS 
Dr. Yimin Huang, Dr. Jiayingzi Wu and Ran Chen synthesized the PAN. Ying Jiang 
and Yiming Huang designed and performed the experiments and analyzed the data. 
Xiaoting Jia and Shan Jiang. designed and fabricated the multifunction electrode for in vivo 
LFP recording; Haonan Zong performed the COMSOL simulation. Dr. Heng-Ye Man 
provided primary neuron cultures. Dr. Chen Yang. and Dr. Ji-Xin Cheng supervised the 
project. 
Neuromodulation is an invaluable approach for study of neural circuits and clinical 
treatment of neurological diseases. Here, we report semiconducting polymer nanoparticles 
based photoacoustic nanotransducers (PANs) for neural stimulation in vitro and in vivo. 
Our PANs strongly absorb the nanosecond pulsed laser in the near-infrared second window 
(NIR-II) and generate localized acoustic waves.  PANs are shown to be surface-modified 
and selectively bind onto neurons. PAN-mediated activation of primary neurons in vitro is 
achieved with ten 3-nanosecond laser pulses at 1030 nm over a 3-millisecond duration. In 
vivo neural modulation of mouse brain activities and motor activities is demonstrated by 
PANs directly injected into brain cortex. With sub-millimeter spatial resolution and 
negligible heat deposition, PAN stimulation is a new non-genetic method for precise 
control of neuronal activities, opening potentials in non-invasive brain modulation.  
4.1. Introduction 




function and treatments of neurological disorders. Electrical stimulation is the basis of 
current implantable devices and has already used in the clinical treatment of depression, 
Parkinson’s and Alzheimer’s diseases. These devices, often made of metal electrodes, are 
limited by their invasive nature 134, inability to targeting precisely due to current spread, 
and its magnetic resonance imaging (MRI) incompatibility. Noninvasive clinical or pre-
clinical methods, such as transcranial magnetic stimulation (TMS) 135 and transcranial 
direct current stimulation (tDCS) 136 do not require a surgical procedure but offer a spatial 
resolution on the order of several millimeters. Optogenetics has been shown as a powerful 
method modulating population neural activities in rodents more precisely and with cell 
specificity 137, 138. It requires genetic modification through viral infection, which makes it 
challenging to be applied to humans 139. Ultrasound neuromodulation as an emerging 
noninvasive neuromodulation method has been demonstrated to evoke action potentials in 
vitro, and behavioral responses in vivo in rodents 51, 52, nonhuman primates 53 and even in 
human subjects 45, 54-56. However, the spatial resolution for conventional ultrasound 
neuromodulation is still limited to several millimeters. More recently, a fiber based 
optoacoustic converter has been proposed and demonstrated to achieve neuromodulation 
with submillimeter spatial resolution utilizing the optoacoustic effect 119, yet it requires 
surgical implantation for in vivo applications. 
Nanostructures target neuron membrane locally, convert and amplify the external 
excitation to local stimuli, offering new interfaces as promising alternative neural 
stimulation approaches. Gold nanoparticles and nanorods were studied for photothermal 




for photothermal-driven optocapacitive stimulation in vitro 144-146. The Tian and Bezanilla 
groups reported photoelectrical stimulations with silicon nanostructures 147. In these light 
driven stimulations, the wavelengths used were mostly in the range of 520 – 808 nm, which 
has limited penetration through skulls and in brain tissue. To offer deeper penetration, 
thermal stimulation triggered by nanoparticles absorbing longer-wavelength light or 
magnetic field has also been investigated. The Pu group demonstrated photothermal neural 
stimulation in vitro using bioconjugated polymer nanoparticles absorbing 808 nm and 
binding to transient receptor potential cation channel subfamily V member 1 (TRPV1) 148, 
149. The Anikeeva group used gene transfection to over-express the thermal sensitive ion 
channels TRPV1 and then utilized the magneto-thermal effect of the paramagnetic 
nanoparticles to activate these channels 150. In these studies, significant local temperature 
rise, exceeding the thermal threshold of the ion channels, e.g., 43 ºC in the case of TRPV 
1, for a period longer than several second, was observed, thus raising concerns over safety 
of thermally activated neural stimulation. The Khizroev group used the magneto-electric 
nanoparticles under an applied magnetic field to perturb the voltage-sensitive ion channels 
for neuron modulation 151. Notably, these magnetic stimuli-based techniques deliver a 
spatial precision relying on the confinement of the magnetic field, which is on the 
millimeter to centimeter scale.  New technologies and concepts are still sought to achieve 
non-invasive, genetic free and precise neural stimulation.  
Here, we report the development and application of photoacoustic nanotransducers 
(PANs) to enable non-genetic neural stimulation in cultured primary neurons and in mouse 




nanoparticles, efficiently generate localized ultrasound by a photoacoustic process upon 
absorption of nanosecond pulsed light in the NIR-II window (1000 nm to 1700 nm) (Figure 
4.1. The NIR-II light has the capability of centimeter-deep tissue penetration 152, 153, which 
is beyond the reach of visible light currently used in optogenetics. We modified the PAN 
surface for non-specific binding to neuronal membrane and specific targeting of 
mechanosensitive ion channels, respectively. We showed that upon excitation at 1030 nm 
PANs on the neuronal membrane successfully activated rat cortical neurons, confirmed by 
real time fluorescence imaging of GCaMP6f. The spatial resolution of the PAN stimulation 
was shown to be completely determined by the illumination area of the light and single 
neuron stimulation was demonstrated under excitation of NIR-II light delivered by a 
tapered fiber.  We then demonstrated in vivo motor cortex activation and invoked 
subsequent motor responses through PANs directly injected into a mouse living brain. 
Importantly, the heat generated by the nanosecond laser pulses is confined inside the PAN, 
resulting in a transient temperature rise during the photoacoustic process, evident by finite 
element modeling simulations. Collectively, our finding shows photoacoustic 
nanotransducers as a new platform for modulating neuronal activities. It is triggered by 
NIR-II light and shows neglectable temperature increase, opening up opportunities for 
deep-penetrated-light controlled neural activation with high precision.  
4.2. Design and synthesis of photoacoustic nanotransducer (PAN). 
4.2.1. Concept and synthetic strategy of PAN. 
We first synthesized NIR-II absorbing semiconducting polymer bis-isoindigo-based 




polystyrene-block-poly(acryl acid) (PS-b-PAA) via a nanoprecipitation method (Figure 
4.1c). The PS-b-PAA was chosen due to the amphiphilic nature of its chemical structure. 
The hydrophobic polystyrene portion forms a π-π stacking with the polymer, while the 
hydrophilic poly(acryl acid) (PAA) makes the polymer into water-soluble nanoparticles 
with carboxyl groups decorated on the surface. FT-IR spectrum confirmed the presence of 
carboxyl groups (Figure 4.2), indicating the successful modification. The PANs were 
dispersed in aqueous solution for characterization. The size of nanoparticles prepared was 
measured to be 58.0 ± 5.2 nm using dynamic light scattering (DLS) (Figure 4.1d). 
Transmission electron microscopy imaging of PAN shows an average particle diameter of 
52.9 ± 12.2 nm, consistent with the DLS measurement results. The nanoparticles were 
found to be negatively charged indicated by a potential of -79.79 ± 4.04 mV through the 
zeta potential measurement. To confirm the surface negative charge is introduced by the 
surfactant PS-b-PAA, we performed surface modification using 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[(polyethylene glycol)-2000] (DSPE-PEG), a neutrally 
charged surfactant, as a comparison. DSPE-PEG modified PANs were found to be charged 





Figure 4.1 Surface modified PANs sufficiently bind to neurons.  
a, Scheme of the PAN induced neural stimulation. b, Schematic illustrating that upon 
nanosecond laser pulse excitation a PAN generates photoacoustic signals.  NP: 
nanoparticle. c, Schematic of PAN synthesis. BTII: bis-isoindigo-based polymer. d, 
Dynamic light scattering analysis of PAN solutions. e, Zeta potential measurement of PAN 
solutions with a concentration of 1.0 mg/mL with DSPE-PEG and PS-PAA 
functionalization, respectively. f, UV-Vis spectrum of PAN solution with a concentration 
of 1.0 mg/mL. g, Photoacoustic signal measured from PAN solution (1.0 mg/mL). h, TA 
images of PANs binding to neurons after 15-minute culture Scale bar: 50 μm. Green: TA 
channel. Gray: transmission channel. i, Binding density analysis of PANs to soma region 
of neurons and glial cells at 15 minutes and 1 hour, respectively. j, Cytotoxicity analysis 
of PANs to neurons by MTT assay. k, Cell viability assay for neurons treated with PAN 
and laser excitation (1 stimulation and 3 stimulations) and treated with laser excitation only 






Figure 4.2 FT-IR spectrum confirmed the surface modification of PAN. SP: semiconductor 
polymer. 
 
4.2.2. PANs generate strong acoustic waves under NIR-II light pulses. 
The planar backbone of the semiconducting polymer chain pushed the absorption to 
the NIR-II window 155. We confirmed this by Ultraviolet (UV)-Visible-NIR spectroscopy. 
The nanoparticles absorb broadly NIR-II light from 800 to 1300 nm with a peak at 1100 
nm (Figure 4.1f). Next, we tested whether PAN can generate sufficient optoacoustic wave. 
In the optoacoustic process, optoacoustic wave is generated following a transient 
temperature increase and thermal expansion of the nanoparticle. Importantly, two 
conditions, i.e., stress confinement and thermal confinement, need to be met for efficient 




the following expression: p0=ΓμaF, where μa is the absorption coefficient of the absorber, 
F is the local light fluence, and Γ is the Grüneisen parameter. The Grüneisen parameter can 
be expressed as Γ=βvs2/Cp=β/(κρCp), where β is the isobaric volume expansion coefficient, 
Cp is the heat, vs is the acoustic speed, κ is the isothermal compressibility, and ρ is the mass 
density 60. Per the stress confinement, to build up the thermoelastic pressure within a 
nanoparticle with a diameter less than 100 nm nanoparticles, considering the speed of 
sound, a laser pulsed less than 67 picosecond is required. Yet, a mode-locked picosecond 
pulsed laser usually has several orders of magnitude lower pulse energy than a Q-switched 
nanosecond pulsed laser. Therefore, nanosecond pulsed lasers are widely used for 
photoacoustic applications. Regarding the thermal confinement, the thermal conduction 
time must be longer than the laser excitation pulse width to generate photoacoustic wave 
efficiently. The thermal conduction time can be approximated by 𝜏!" = 𝐿# 4𝐷⁄ , where 𝐿 is 
the length of diffusion and D is the thermal diffusivity of local environment. In the case of 
PAN, the local environment is water around the cell body. Water has a thermal diffusivity 
of 1.4 ´ 10-3 cm2/s, and the thermal diffusion length is approximated by the nano-particle 
size, which is ～60 nm. The thermal diffusion time constant 𝜏!"	is thus approximately 6 
ns. Therefore, we utilized a nanosecond laser pulse of 3 ns to achieve the efficient 
photoacoustic generation. Measured with an ultrasound transducer with a central frequency 
at 5 MHz, 1.0 mg/mL nanoparticle solution exhibits a photoacoustic signal showing a 
waveform in time domain with approximately 2 µs in width and a peak to peak amplitude 
of 33.95 mV (Figure 4.1g), under 1030 nm nanosecond laser with a pulse width of 3 ns, a 




measured to be 1.36 kPa using a needle hydrophone. Since these nanoparticles generate the 
strong photoacoustic signal under pulsed NIR-II light, we termed them photoacoustic 
nanotransducers (PANs) and studied their potential for neural binding and stimulation, as 
detailed below. 
4.2.3. Methods 
4.2.4. Materials.  
All chemical reagents were purchased from Sigma-Aldrich (MO, USA) unless 
otherwise stated. The semiconducting polymer was synthesized via palladium-catalyzed 
C–C cross-coupling techniques and was thoroughly purified to remove any metal residues. 
The TRPV4 antibody powders were purchased from Aloemone lab and used without 
further modification.  
4.2.5. Synthesis of PAN.  
Following the previously developed synthesis process 155, the polymers were dissolved 
in THF (1 mg/mL) with surfactant PS-PAA (5 mg/mL) rapidly injected into deionized 
water (9 mL) under continuous sonication with a microtip-equipped probe sonicator 
(Branson, W-150) at a power output of 6 W for 30 s. After sonication for an additional 1 
min, THF was removed by nitrogen bubbling for 3 hours. The aqueous solution was filtered 
through a polyethersulfone (PES) syringe driven filter (0.22 µm) and centrifuged three 
times using a 30 K centrifugal filter unit at 3500 rpm for 15 min. PAN solution was stored 
in dark at 4 °C for further use.  
4.2.6. Characterization. 




particle sizer with zeta potential. UV-Vis-NIR spectra were recorded on a Cary 5000 
spectrophotometer. FT-IR spectrum was taken on a Bruker Optics Vertex 70v FTIR, 
equipped with a Hyperion microscope and Silicon Bolometer. Low resolution TEM was 
taken using a Philips CM12 operated at 100 kV. Images were recorded on a TVIPS CMOS 
F216 camera. 
4.2.7. Photoacoustic measurement of PAN.  
The PAN solution (1 mg/mL) was added into a polyurethane capillary tube with two 
ends fixed with Epoxy. A customized and compact passively Q-switched diode-pumped 
solid-state laser (1030 nm, 3 ns, 100 μJ, repetition rate of 3.3 KHz, RPMC, Fallon, MO, 
USA) was used as the excitation source. The laser was connected to an optical fiber through 
a homemade fiber jumper (SMA-to-SC/PC, ~81% coupling efficiency). The laser was 
adjusted to set the output power from the fiber jumper to be approximately 55 mW. The 
capillary tube was fixed in the water tank. One miniaturized ultrasound transducer with a 
central frequency of 5 MHz (XMS-310-B, Olympus, Waltham, MA, USA) was used to 
record the optoacoustic signals. The ultrasonic signal was first amplified by an ultrasonic 
pre-amplifier (0.2–40 MHz, 40 dB gain, Model 5678, Olympus, Waltham, MA, USA) and 
then sent to an oscilloscope (DSO6014A, Agilent Technologies, Santa Clara, CA, USA) to 
readout. The signal was averaged 20 times. The pressure of the photoacoustic waves 
generated was calibrated using a hydrophone with a diameter of 2 mm and frequency range 
of 1-20 MHz (Precision Acoustics Inc., Dorchester, UK). All of the devices were 





4.2.8. Animals.  
Embryonic day e, 15-18 rats, obtained from pregnant Sprague−Dawley rats were used 
for preparing cell culture used in the in vitro experiments. Adult (age 14-16 weeks) 
C57BL/6J mice were used for in vivo experiments. All animal care was carried out in 
accordance with the National Institute of Health Guide for the Care and Use of Laboratory 
Animals (NIH Publications No. 80−23; revised 1996) and was operated under protocol 17-
022 approved by Boston University Animal Care and Use Committee. 
4.2.9. Embryonic neuron culture.  
The glass-bottom culture dishes used in the embryonic neuron cell cultures were 
immersed in 0.01% Poly-D-Lysine (Sigma-Aldrich, MO) for overnight at 4 °C and washed 
in PBS before culture initiation. Primary cortical neurons were obtained from SD rat.  
Cortices were dissected out from embryonic day 15-18 (E15-18) rats of either sex and 
digested in 0.05% trypsin/ethylenediaminetetraacetic acid (EDTA, VWR, PA) 15 min at 
37 °C and triturated every 5 min. Dissociated cells were washed with and triturated in 10% 
heat-inactivated fetal bovine serum (FBS, Atlanta Biologicals, GA), 5% heat-inactivated 
horse serum (HS, Atlanta Biologicals, GA), 2 mM Glutamine-Dulbecco’s Modified Eagle 
Medium (DMEM, Thermo Fisher Scientific Inc., MA), and cultured in cell culture dishes 
(100 mm diameter) for 30 min at 37 °C to eliminate glial cells and fibroblasts. The 
supernatant containing neurons was collected and seeded on poly-D-lysine coated cover 
glass and incubated in a humidified atmosphere containing 5% CO2 at 37 °C with 10% 
FBS + 5% HS + 2 mM glutamine DMEM. After 16 h, the medium was replaced with 




Fisher Scientific Inc., MA), 1% N2 (Thermo Fisher Scientific Inc., MA), and 2 mM 
glutamine (Thermo Fisher Scientific Inc., MA).  
4.2.10. TA microscopy.  
TA images were obtained as previously described 156-158. For each TA image, the Z 
position of the focus was adjusted near the equatorial plane of the neurons so that the soma 
and neurites were both clearly visualized. The pump (1045 nm) and probe (845 nm) powers 
before the microscope were maintained at 20 and 20 mW, respectively. Both the pump and 
probe beams were linearly polarized. No cell or tissue damage was observed. Images were 
acquired at 2 μs pixel dwell time.  
To quantify the number of PANs that bind onto neurons, the following estimation was 
used. An effective concentration of bound PANs can be estimated based on the TA 
intensity in the image and the TA calibration curve. The TA calibration curve was obtained 
TA intensities obtained from TA images acquired for PAN solutions with known 
concentrations. The volume occupied by the bound PANs or PAN-TRPV4 was estimated 
based on the area of bounded PANs on neuronal soma (measured from Image J) and TA 
focal depth of 1 µm. The molecular weights of PAN and PAN-TRPV4 were estimated 
based on electrophoresis measurement to be 75 kD and 125 kD. The number of PAN or 
PAN-TRPV4 was calculated based on the above-mentioned parameters.  
4.2.11. Cytotoxicity tests.  
Neurons were seeded in 96-well plates (1,000 cells/well in 100 µL) and incubated. PAN 
solution with concentrations of 20, 40, 60 µg/mL was added to the cell culture medium, 




and 24 hours, respectively. The medium was then removed and washed with PBS. MTT 
(20 µL, 5 mg/mL) was added to the wells and incubated for 5 h. The cell culture medium 
was then removed, and dimethylsulfoxide (DMSO, 200 µL) was subsequently added to 
each well. Finally, the plates were gently shaken for 10 min at room temperature to dissolve 
all formed precipitates. The absorbance of MTT at 590 nm was measured using a 
SpectraMax plate reader. Cell viability was expressed as the ratio of the absorbance of the 
cells incubated with PANs to that of control. 
Cell viability under stimulation conditions were also tested. Neurons at DVI 15 were 
cultured with PANs for 15 mins. During stimulation, laser pulse trains of 3 ms at 3.3 kHz 
were applied to neurons at 27, 35, 57 μJ pulse energy respectively using the same fiber 
delivery method as described below. Two stimulation protocols were applied: one 3 ms 
pulse train (1 stimulation), and three 3 ms pulse trains with intervals of 30 s (3 
stimulations). Two control groups were also tested, a light only group of neurons going 
through the same laser application as the stimulation protocol without PANs added and 
another group of neurons with no PANs or laser illumination (CTR). 1 hr after stimulation 
or light application, neurons were labeled with SYTOX™ Green (Thermo Fisher) at 10 
μM/ml for 30 min, and fluorescence imaging were performed. Cell viabilities were 
calculated by (number of SYTOX negative neurons)/(total number of neurons). All 
experiments were repeated 3 times. 
4.2.12. Synthesis of PAN-TRPV4.  
PAN solution (1 mL, 20 μg/mL) was combined with 10xPBS (110 μL, pH=7.4), 




for 1 hour at room temperature in dark. Anti-TRPV4 antibody (5 μL, 1 mg/mL) was added 
into the mixture and kept stirring at room temperature overnight. The resulted solution was 
filtered through a polyethersulfone (PES) syringe driven filter (0.22 µm) and centrifuged 
three times using a 50 K centrifugal filter unit at 3500 rpm for 15 min. PAN-TRPV4 
solution was stored in dark at 4 °C for further use. 
4.2.13. Immunofluorescence imaging.  
Cells were fixed with 4% paraformaldehyde for 20 min. After 3 washes, cells were 
blocked in 5% bovine serum albumin (Sigma-Aldrich, MO) for 30 min and permeabilized 
with 0.2% Triton X-100 (Sigma-Aldrich, MO). Then cells were incubated with mouse 
monoclonal anti-TRPV4 (1:1000) antibody for 2 hour, and then with goat anti-mouse 
secondary antibody (1:1000, 488 nm, Thermo Fisher Scientific Inc., MA) for 1 hour at 
room temperature. The fluorescence images were taken with a home-built wide-field 
fluorescence microscope (Olympus).  
4.2.14. In vitro neurostimulation.  
PAN or PAN-TRPV4 (150 μL, 20 μg/mL) solution was added into the culture medium 
of GCaMP6f labeled neurons to reach a final concentration of 2 μg/mL. An incubation time 
of 15 minutes and 1 hour was tested. A Q-switched 1030-nm nanosecond laser (Bright 
Solution, Inc.) was used. For the CW laser, Cobolt Rumba 1064 nm 500 mW laser was 
used. The CW laser was gated with a mechanical shutter to control the laser duration. The 
laser was delivered using an optical fiber (Thor lab) with a diameter of 200 µm and 0.22 
NA. During neurostimulation experiments, the fiber was placed 100 µm approximately 




fluorescence imaging was performed on a lab-built wide-field fluorescence microscope. 
The microscope was based on an Olympus IX71 microscope frame. With a 20´ air 
objective (UPLSAPO20X, 0.75NA, Olympos), illuminated by a 470 nm LED (M470L2, 
Thorlabs) and a dichroic mirror (DMLP505R, Thorlabs). Image sequences were acquired 
with a scientific CMOS camera (Zyla 5.5, Andor) at 20 frames per second. The 
fluorescence intensity analysis and exponential curve fitting were performed using ImageJ 
(Fiji).  
4.2.15. In vivo injection of PANs.  
Adult (age 14–16 weeks) C57BL/6J mice were used. Mice were initially anesthetized 
using 5% isoflurane in oxygen and then placed on a standard stereotaxic frame, maintained 
with 1.5 to 2 % isoflurane. Toe pinch was used to determine the level of anesthesia 
throughout the experiments and body temperature was maintained with a heating pad. The 
hair and skin on the dorsal surface targeted brain regions were trimmed. Craniotomies were 
made on primary motor cortex based on stereotaxic coordinates using a dental drill and 
artificial cortical spinal fluid was administrated to immerse the brain. PAN solution with a 
concentration of 1.0 mg/mL was injected into the primary motor cortex using a 
quintessential stereotaxic injector (Stoelting Co.) with a speed of 20 nL/min for 30 min. 
The injected PANs were allowed to diffuse for 1 hour before stimulation experiments. 






4.2.16. In vivo LFP recording.  
Electrophysiology was performed using multifunctional fibers with a thick polymer 
coating as the recording electrodes 159, 160. The electrodes were positioned with a 
micromanipulator to the targeted brain region (Siskiyou). Extracellular recordings were 
acquired using a Multi-Clamp 700B amplifier (Molecular Devices), filtered at 0.1 to 100 
Hz, and digitized with an Axon DigiData 1550 digitizer (Molecular Devices).  
4.2.17. EMG recording.  
EMG was performed using needle electrode inserted subcutaneously and parallel to the 
forelimb triceps brachii muscle. Reference electrode was inserted in the footpad. A ground 
electrode was inserted subcutaneously on the trunk and ipsilateral to the stimulation site. 
EMG signals were acquired using a Multi Clamp 700B amplifier (Molecular Devices), 
filtered at 1 to 5000 Hz, and digitized with an Axon DigiData 1550 digitizer (Molecular 
Devices).  
4.2.18. COMSOL simulation:  
The temperature change on PANs and gold nanoparticles was simulated in COMSOL 
Multiphysics (COMSOL Inc, USA). The size of the nanoparticles for both PAN and gold 
nanoparticle is set to be 60 nm. The laser irradiation on a single PAN is assumed to be 
uniform. The surrounding environment is water. The absorption cross-sections of both 
PAN and gold nanoparticles are calculated based on Mie scattering theory 161. To calculate 
the temperature change induced by laser irradiation, the heat transfer module was used. 
The simulation model was validated first by comparing the simulation results to the 




4.2.19. Photoacoustic tomography:  
The photoacoustic signals were processed by a high-frequency ultrasound imaging 
system (Vantage 128, Verasonics Inc). A brain mimicking phantom (10% Gelatin, 1 % 
formaldehyde and 5% intralipid) was used to mimic the highly scattered brain tissue 162. A 
piece of mouse skull was placed on top of the phantom to test the penetration depth of NIR-
II window light. PAN solution with a concentration of 1.5 mg/mL in a transparent 
polyurethane tube was place under the phantom. A Q-switched Nd:YAG laser (CFR 
ICE450, Quantel Laser) with 8 ns pulse width and 10 Hz repetition rate was applied as the 
excitation. The wavelength was set to be 1100 nm and laser power was fixed to be 9 mJ. 
The laser light was guided to the surface of the mouse skull by a fiber bundle and the 
photoacoustic signals were detected from the other side of the tissue by a low frequency 
transducer array (L7-4, PHILIPS/ATL.) 
4.3. Results 
4.3.1. PANs sufficiently bind to neurons. 
As recently reported, nanoparticles with negatively charged surface can bind onto 
neuronal membrane, whereas positive and neutral nanostructures showed no interactions 
with neurons 163. To examine whether negatively charged PANs can bind onto the neuron 
membrane, we cultured PANs with embryonic cortical neurons collected from Sprague 
Dawley (SD) rats. The neurons were first cultured for 15-18 days (Days in vitro, DIV15-
18). We then added 150 μL 20 μg/mL PAN solution into the culture, reaching a 
concentration of 2 μg/mL. The same concentration was used in all experiments in this work 




Confirming and quantifying the binding of PANs to neurons is critical for successful 
stimulation. Since the semiconducting polymer show strong intensive intrinsic transient 
absorption (TA) signals, we then used label free TA microscopy to visualize binding of 
PANs on neurons. In TA microscopy, two synchronized femtosecond laser pulse trains, 
pump and probe respectively, are focused onto the sample. The electronically resonant 
pump laser pulse excites the molecule to its excited state, then the probe laser pulse probes 
the transient absorption change induced by the pump.  Such nonlinear absorption signals 
are originated from the signature excited state dynamics of the molecule 164-167. With  
outstanding chemical specificity, TA microscopy has been applied to visualize molecular 
content in biological samples 168-171 as well as characterization of nanomaterials 156, 157, 172-
175 including semiconducting polymer nanoparticles 76, 176. Specifically, we used 200 fs 
laser pulses at 1045 nm and 845 nm as the pump and probe beams, respectively, with laser 
power fixed at 20 mW for both beams for TA imaging. To quantify the effective density 
of PANs bound to neurons, we first measured the signal-to-noise ratio (SNR) of the TA 
signals of PAN solutions with concentrations ranging from 2.0 to 55.0 μg/mL to obtain a 
TA calibration curve (Figure 4.3). The SNR of TA signals was found to be linear to the 
PAN concentration with a slope of 14.24 mL/μg. Next, we incubated neurons in culture 
supplemented with PANs for 15 minutes, rinsed three times with PBS to remove unbound 
PANs, and fixed the cells for TA imaging. The PANs were found to bind onto the neurons 
at an estimated density of 40.2 ± 15.9 PANs per soma (Figure 4.1h). The number of PAN 
was calculated based on effective TA concentration estimated based on the measured TA 




weight of PANs. Through depth resolved TA imaging, the PANs were found to bind mainly 
on the neuronal membrane instead of entering the neuron through endocytosis (Figure 4.4). 
By increasing the culture time to 1 hour, a higher binding density was achieved and the 
number of PANs per neuron on the soma area was found to be 78.1 ± 26.7 (Figure 4.1i). In 
aqueous solution, the PAN prepared shows no aggregation. Based on the TA images of 
PAN co-cultured with neurons, some clusters of PAN were observed when binding to the 
membranes, possibly due to the complex cellular membrane environment. Different from 
TA image taken at 15 min co-culture, depth resolved TA imaging performed at 3 hours 
after PAN addition reveals strong TA signal from PAN located in the cytoplasm, which 
indicates endocytosis of PAN into the soma.  
 
Figure 4.3 TA imaging of SPN solutions.  
a,TA imaging of PAN solution with concentration range in 2.0 to 55.0 μg/mL. b, TA signal-






Figure 4.4 PAN cell membrane binding confirmed by z-stacking transient absorption (TA) 
imaging. 
a, Transmission image of a targeted neuron with the soma highlighted by the gray line. b, 
TA image taken at z-depth at 0 µm, the same plane of transmission image. c, Normalized 
TA spectra taken from 3 randomly chosen TA signal areas compared to PAN standard 
sample. (d-i) TA images taken at z-depth at -4.8 µm, -2.4 µm, 0 µm, 2.4 µm, 4.8 µm, 7.2 
µm respectively. Red: TA channel, Gray: transmission channel.  
 
4.3.2. Cytotoxicity of PAN on neurons upon light excitation. 
To test the cytotoxicity of PANs, MTT assay was performed on cultured neurons 
(DIV15-18) following incubation with PANs for 1 hour and 24 hours, respectively. Cell 
viabilities over 80% were observed in all experimental groups with PAN concentrations 




further test whether laser excitation introduces cellular damage and to determine the 
damage threshold for in vitro neural stimulation, a cell viability assay after laser application 
was also performed with Sytox Grreen nuclei staining177. Neuron cultures at DIV 15-18 
were incubated with 150 μL, 20 μg/mL PAN solution for 15 minutes. Nanosecond laser at 
1030 nm was delivered to the culture via a 200 μm diameter optical fiber with 0.22 NA. 
Conditions of the pulsed laser include a pulse width of 3 ns, a repetition rate of 3.3 kHz, a 
laser train of 3 ms (corresponding to 10 laser pulses). As shown in Figure 4.1k, 1 hour after 
laser excitation, only neurons exposed to 57 μJ laser pulses showed slightly decreased 
viability, while neurons exposed to laser pulses of 35 and 23 μJ showed similar viability 
compared to neurons without PAN and laser exposure. Thus, we chose a laser pulse energy 
of 17 μJ/pulse (pulse energy density of 2.1 mJ/cm2) for future stimulation experiments. The 
laser energy chosen is well below the damage threshold from the viability assay as well as 
ANSI (American National Standards Institute) standard for maximum permissible skin 
exposure (80 mJ/cm2 per pulse). These results collectively show that negatively charged 
PANs can sufficiently bind onto neuronal membranes via a charge-charge interaction, 
without obvious cytotoxicity upon desired laser excitation.  
4.3.3. PAN activates neurons in vitro. 
After showing that PANs bind to neurons, we further investigated their potential for 
neural stimulation.  Calcium imaging was performed on Sprague Dawley (SD) rat primary 
cortical neurons transfected with GCaMP6f on a in house built wide-field fluorescence 
microscope. Imaging was performed on 5 culture batches for each group. Data from total 




analyzed. 100 μm was chosen based on the estimated illumination area of the optical fiber. 
A representative fluorescence image of the neuron culture is shown in Figure 4.5a, with 
the dashed circle showing the position of the fiber. Increase in fluorescence intensity of 
GCaMP6f at individual neurons was clearly observed immediately after applying pulsed 
laser. Out of total 60 neurons studied, 37 neurons showed an increase in fluorescence 
greater than 10% or F/F0 ratio above 1.10 after the laser onset (Figure 4.5b). F0 is the 
baseline fluorescence signal of the neurons before the stimulation. Notably, two types of 
responses were detected, a transient response shown in Figure 4.5c and a prolonged 
response taking longer time (up to 60 s) to recover to the baseline shown in Figure 4.5d. 
We fitted the decay of the response curves exponentially and defined a time constant when 
they decrease by a factor of 1/e (e=0.368) from the peak fluorescence intensity. The 
transient activations typically show decay time constants ranging from 2 to 5 s, while the 
prolonged activations have time constants of 5 s and up (Figure 4.6). The success rate, 
defined as the percentage of activated neurons identified through the F/F0 ratio above 1.10, 
was calculated. Under the 3 ms laser pulse train, total 62.5 ± 21.3% of the neurons exhibited 
activations immediately after the nanosecond laser was onset. Specifically, 11.2 ± 4.8% 
and 51.3 ± 16.5 % were observed as the transient responses and prolonged responses, 
respectively (Figure 4.5h). 
To investigate whether the activations observed based on the increased fluorescence 
intensity are caused by action potential, we performed a control experiment with addition 
of 3 μM of Tetrodotoxin (TTX), a blocker of voltage-gated sodium channels. After addition 




2.9% for transient activation and 5.0 ± 5.0 % for prolonged activation (Figure 4.5e), 
indicating that the observed calcium transients were induced by firing of action potentials. 
As an additional control, only applying nanosecond laser at the same laser condition 
without PANs induced activation with a success rate of 1.7 ± 2.9%, indicating optical 
excitation through ns laser alone triggers negligible activities (Figure 4.5f). To investigate 
how synaptic inputs affects stimulation outcome, we applied a cocktail of synaptic blockers 
(10 μM NBQX, 10 μM Gabazine and 50 μM DL-AP5)178 and observed an overall success 
rate of 8.3 ± 5.8%, a significant reduction from 62.5%. Interestingly, the remaining 
activation is dominantly transient activation, while prolonged activation is completely 
blocked by the cocktail. These results suggest that the transient activation is likely the result 
of direct PAN mediated stimulation, while the prolonged activation comes from a train of 
action potentials resulted from the activation of neural networks by synaptic transmission. 
Collectively, the results indicate that PAN-triggered neural activities are action potential-
dependent, and involve synaptic transmission. Notably, no activations were found outside 
the illumination area of the optical fiber (Figure 4.7a,b). Aiming to achieve neural 
stimulation at single neuron precision, we applied a tapered optical fiber with a tip diameter 
of ~10 μm, placed close to the neuron of interest (Figure 4.7c,d). Upon light illumination, 
only the targeted neuron showed strong calcium activation, while other neurons in the field 
of view remain unchanged. These results indicate that the spatial resolution of PAN 
stimulation is defined by the illumination of the pulsed light, which makes it possible to 






Figure 4.5 PANs induce neural stimulation.  
a, Representative fluorescence image of GCaMP6f labeled neurons (DIV 15-18) cultured 
with PANs for 15 minutes. Scale bar: 100 μm. White dash line indicates the position of the 
optical fiber delivering ns pulsed light. b, Colormaps of fluorescence changes of neurons 
stimulated by PANs using the 1030 nm nanosecond laser with a 3 ms laser pulse train. 
White dashed lines indicate laser onsets.  (c,d) Representative fluorescence changes as a 
function of time for transient activation c, and prolonged activation d, respectively (N=60). 
Red dashed lines indicate that laser is on. (e-g) Colormaps of fluorescence changes of 
neurons treated with TTX added into the culture medium e,, with laser only f,, and with the 
synaptic blocker cocktail added in the culture medium. Same laser conditions were used as 
c, and d,. All Colormaps were plotted under the same dynamic range. h, Success rate 
analysis. Error bars:  SD.   (p value was calculated using PAN w/o S.B. group as reference. 









Figure 4.7 Spatial distribution of neuron activation induced by PAN.  
a, Fluorescence images of neurons before stimulation. Green: GCaMP6f. b, Maximum 
ΔF/F0 image of the field of view after PAN stimulation. Scale bars: 100 μm. c, Single 
neuron targeting with tapered fiber. Green: GCaMP6f. d, Maximum ΔF/F0 image of the 
field of view after PAN stimulation. Scale bars: 20 μm.  White dash lines indicate the 
position of the optical fiber and the tapered fiber.  
 
 
Key parameters to control the stimulation through PANs include laser conditions and 
binding density of PANs on neurons. To understand the effect of the pulsed laser train on 
activations by PANs, we first studied the activation under increased laser pulse train of 5 
and 10 ms, corresponding to 17 and 33 laser pulses, respectively. In the laser only groups, 
the overall success rate was found to be 3.3 ± 2.0% using 5 ms, and 18.3 ± 10.4% for 10 
ms (N=60, 3 different culture batches), dominated by the prolonged activation (Figure 4.8a-
c). With PANs cultured for 15 min with neurons, under the 5 ms laser duration, an overall 
success rate of 66.7 ± 14.4% was observed (N=60, 3 different culture batches). When the 
laser pulse train increased to 10 ms, the total success rate was found to be 80.0 ± 15.3 % 
(Figure 4.8d-f). Notably, both 5 ms and 10 ms laser pulse trains produced neural activities 




successful rate in direct activation with a less network effect. Therefore, we identified it as 
the optimal laser pulse train for PAN mediated neural stimulation for following 
experiments.  
 
Figure 4.8 Neuromodulation rate as a function of laser duration.  
a,b Colormaps of fluorescence signal change of neurons stimulated by a 1030 nm 
nanosecond laser only with laser duration of 5 ms (16 pulses, a) and 10 ms (32 pulses, b), 
respectively. c, Success rate of nanosecond laser only induced neurostimulation. d, e 
Colormaps of fluorescence signal change of neurons cultured with PAN solution for 15 
minutes and stimulated by a 1030 nm nanosecond laser only with laser duration of 5 ms d, 
and 10 ms e,, respectively. f, Success rate of PAN induced neurostimulation under different 
laser durations. All Colormaps were plotted under same dynamic range.  
 
To investigate how the binding density impacts PAN mediated stimulation, we varied 
the incubation time of PANs with neuron cultures. In the group where the stimulation was 
performed immediately after addition of PANs followed with rinses, no neural activation 
was detected (Figure 4.9). This observation confirmed that only bound PANs can trigger 




incubated with neurons for 1 hour, 20.0 ± 18.0 % neurons exhibited transient activations 
and 28.33 ± 16.07 % exhibited prolonged activation (Figure 4.9b and c). These results 
indicated 15-minute culture time provides a binding density sufficient to trigger neural 
stimulation.  
 
Figure 4.9 Neurostimulation rate as a function of culture time.  
a,b Colormaps of fluorescence intensity change of no culture and 1-hour culture of PAN. 
c, Success rate analysis.  
  
 
4.3.4. PAN-TRPV4 for specific activation of mechanosensitive ion channels. 
 
Figure 4.10 TRPV4 induce transient activation of neurons.  
a, Schematic of PAN-TRPV4 synthesis. b, DLS analysis of PAN and PAN-TRPV4 sizes. 
c, Zeta potential measurement of PAN and PAN-TRPV4 solutions. d, TA image of PANs-




transmission channel. e-g Colormaps of fluorescence intensity change in neurons treated 
with PANs-TRPV4 without synaptic blockers e,, with the synaptic blocker cocktail f,, with 
GSK 2193874 g, added in the culture medium. A laser pulse train of 3 ms was used in all 
experiments. h, Success rate analysis. Error bars:  SD.  (p value was calculated using w/o 
S.B. group as reference. n.s.: non-significant, p > 0.5; *: p < 0.5; **: p < 0.01; ***: p < 
0.001) 
 
To enable specific targeting for stimulation, we bioconjugated the PANs with 
antibodies to specifically target the mechanosensitive ion channel transient receptor 
potential cation channel subfamily V member 4 (TRPV4). TRPV4 was chosen based on its 
high expression rate on the neuronal cell membranes and its capability in sensing external 
mechanical stimuli 179, 180. We conjugated PANs with anti-TRPV4 antibody through a 
carbodiimide coupling reaction, using ethyl(dimethylaminopropyl) carbodiimide (EDC) 
and N-hydroxysuccinimide (NHS), between the carboxyl group on PANs to the amine 
group on the antibody (Figure 4.10a) 148. Successful bioconjugation was confirmed by 
comparing characteristics of PANs and anti-TRPV4 conjugated PANs (PANs-TRPV4). A 
size increase from 59.4 ± 5.3 nm to 181.8 ± 36.7 nm was revealed by DLS analysis (Figure 
4.10b). The zeta potential for PAN-TRPV4 is -1.49 ± 0.38 mV, almost neural, distinct from 
PAN (Figure 4.10c). No color change was noticed in the PAN-TRPV4 solution (Figure 
4.11a). No obvious shift in absorption spectrum was identified for the PAN-TRPV4 





Figure 4.11 Digital images of PAN and PAN-TRPV4 solutions with concentration of 20 
μg/mL and. normalized UV-Vis spectrum of PAN and PAN-TRPV4 solution b,. 
 
We then confirmed the expression of the TRPV4 channels in the membrane of 
embryonic cortical neurons. As indicated in immunofluorescence (IF) staining images 
(Figure 4.12), TRPV4 channels are expressed vigorously throughout the soma and neurites 
of the neurons, as previously reported 181, 182. This result indicates that a large number of 
target sites on the neuronal membrane are available for PANs-TRPV4 for potential binding. 
After incubation with PANs-TRPV4 for 15 minutes under the same condition as for PANs, 
PANs-TRPV4 binding to neurons were visualized by TA microscopy (Figure 4.10d). The 
PAN-TRPV4 density was estimated to be 43.8 ± 20.8 per soma, slightly larger than that 





Figure 4.12 IF image of TRPV4 channel labeled with anti-TRPV4 antibody on neurons in 
the culture. Scale bar: 20 μm. 
Next, we studied whether the PAN-TRPV4 could improve the specificity of neural 
stimulation through direct activation of the TRPV4. Under the same experimental 
condition used for PANs, we analyzed 60 neurons collected from 5 different culture 
batches. As shown in Figure 4.10e, neural activations induced by PAN-TRPV4 show an 
overall success rate of 55.0%, of which the transient stimulation responses is 50.0 ± 5.0% 
and the prolonged response is 5.0 ± 5.0% (Figure 4.13). Although the overall success rate 
of PAN-TRPV4 is reduced slightly compared to PAN, the portion of transient activation 
increased substantially. As shown in Figure 4.10f, with the application of synaptic blocker 
cocktail, the overall success rate remains as 53.3%. 51.7 ± 12.6 % of neurons showed 
transient activation and only 1.7 ± 2.9 % showed prolonged activation, which indicates that 




involvement of neural network and synaptic transmissions. To validate that the observed 
activation is mediated by the activation of the TRPV4 channel, we added the TRPV4 
channel blocker, GSK 2193874 183, into the culture, prior to adding PAN-TRPV4 solution 
(N=30, collected from 3 different culture batches). As shown in Figure 4.10g, with the 
presence of GSK 2193874, the success rate significantly decreased, with 10.0 ± 10.0% of 
the neurons showing transient response and no prolonged activation was detected (Figure 
4.10h). We have further stimulated neurons with repeated photoacoustic stimulation use 
PAN-TRPV4. 4 bursts of laser pulses, with a 3 ms duration in each burst and 10s inter-
burst interval, were delivered to the neurons cultured with PAN-TRPV4 for 15 minutes. 
Consistent calcium activations were observed (Figure 4.14). These results collectively 
show that PAN-TRPV4s enabled a specific stimulation directly through the TRPV4 ion 
channel.  
 





Figure 4.14 Calcium trace of a neuron undergoing repeated photoacoustic stimulations 
enabled by PAN-TRPV4. 
4.3.5. PAN mediated neural stimulation in vivo. 
Upon successful stimulation of cultured primary neurons, we asked whether PANs 
could activate neurons in vivo in living animals. We directly injected 600 nL of 1.0 mg/mL 
PAN solution into the primary motor cortex of C57BL/6 mice using a stereotaxic injector 
at a controlled speed of 20 nL/min. Stimulation was performed 1 hour after the injection. 
To validate brain activation, we performed local field potential (LFP) recording at the PAN 
injection site. To avoid electric artifact produced by laser radiation on the metal electrode, 
we used multifunctional fibers with a thick polymer coating as the recording electrodes 159, 
160. As shown in the Figure 4.15a and b, 3 ms laser pulse train at 21 mJ/cm2 produced strong 
LFP response on the stimulated cortex, while in the control group on the contralateral side 





Figure 4.15 In vivo neural stimulation by injected PANs. 
 a, Schematic of in vivo electrophysiology measurement. b, Representative 
electrophysiology curves measured at the brain region without PANs as the control group 
(blue) and PAN treated region (red) on 3 mice. Blue arrow indicates laser is on. c, 
Schematic of EMG recording. d, Forelimb EMG response to motor cortex PAN 
stimulation. 
 
With successful LFP recording of PAN stimulation in brain, we further evaluated the 
behavior outcome of the stimulation. We performed electromyography (EMG) as a 
measurement of the effect of PAN brain stimulation. 600 nL PAN solution at 1.0 mg/mL 
was injected to the primary motor cortex of the mouse. At 1 hour after the injection, a 
needle electrode was inserted subcutaneously and parallel to the forelimb triceps brachii 
muscle. A reference electrode was inserted in the footpad with a ground electrode inserted 




laser pulse train was delivered to the injection site through an optical fiber. EMG responses 
with an amplitude of 428.8 ± 119.0 μV, with a delay of 127.8 ± 24.3 ms, were recorded 
(Figure 4.15d). These results suggest that the PAN mediated brain stimulation was 
sufficient to induce motor cortex activation and invoke subsequent motor responses. 
4.3.6. Elimination of thermal induced neural activation. 
The photoacoustic effect is known to associated with a temperature increase. To gain 
insights on how much the photothermal process might contribute to the successful 
activation discussed above, we performed neuron stimulation under continuous wave (CW) 
laser. CW laser excitation of nanoparticles is known to produce a photothermal effect 
resulting a local temperature rise without generation of photoacoustic signals 184. By 
comparing neural response to PANs upon excitation by the CW laser to that by the 
nanosecond laser at the same power, we can determine whether PAN mediated stimulation 
differs from nanoparticle mediated photothermal stimulation. Since PANs absorb broadly 
in the range of 800 to 1300 nm, we used a CW laser at 1064 nm. Identical neuronal culture 





Figure 4.16 PAN-mediated neural stimulation is not thermally induced.  
a,b Colormaps of fluorescence intensity change of neurons cultured with PANs under a 
1064 nm CW laser with laser condition of a, a 3.9 ms laser duration and power density of 
61 W/cm2; b, 3.9 ms laser duration and power density of 397 W/cm2. All Colormaps were 
plotted under same dynamic range. Neurons were cultured with PANs for 15 min before 
stimulation. c,d, COMSOL simulation on temperature changes with a single 3 ns laser 
pulse c, and three 3 ns laser pulses with a 3.3 kHz repetition rate d, on PAN surface (black) 
and 10 nm away from PAN surface in water (red). Laser wavelength is 1030 nm. Pulse 
energy is 1.18 nJ. e,f, COMSOL simulation on temperature changes for a gold nanoparticle 
with 1 µs laser and pulse energy of 67.8 nJ, and f, gold nanoparticle with 1 ms laser with 
pulse energy of 9.8 µJ. Laser wavelength is 532 nm. 
While we achieved successful neural activation under ns laser power of 70 W/cm2 and 
a train of 10 pulses over 3 ms, no activation was detected using CW laser excitation with 
the laser power of 70 W/cm2 over 3.9 ms duration (N=30, 3 different cell culture batches, 
Figure 4.16a).  No activation was observed as we increased the CW laser power to 397 
W/cm2 while maintaining the CW laser duration at 3.9 ms (N=30, 3 different cell culture 
batches, Figure 4.16b).  Activation of neurons was only observed when the duration was 




culture batches, (Figure 4.17). These results show that under the CW laser at comparable 
power and duration to nanosecond laser conditions, the photothermal effect produced by 
the PANs alone cannot result in neural activation. The photoacoustic function of PANs 
enabled by the nanosecond light pulse contributed dominantly to the activation. 
 
Figure 4.17 CW laser induced neurostimulation with a laser duration of 2.5 s.  
a, Colormaps of fluorescence intensity change using CW laser with a 2.5-s laser duration. 
b, Representative curve of neurostimulation response. Dashed vertical line indicates laser 
onset. 
To understand how temperature rises and dissipates upon ns laser excitation of a 
nanoparticle, we applied finite element modeling to simulate the evolution of PAN surface 
temperature in water. Simulation for temperature at 10 nm away from surface of PAN in 
water was also performed, aiming to probe the temperature of neuron membrane where a 
PAN binds to. Figure 4.16c shows how the PAN temperature evolves under excitation by 
a single 3-ns laser pulse at 1030 nm. Pulse energy density of 2.1 mJ/cm2 was used, 
consistent with the condition used in our PAN stimulation experiments. Temperature 




4.16c) and to 5.0 °C at 10 nm away from the PAN surface (red, Figure 4.16c), respectively. 
Importantly, in both cases, temperature decays to the baseline within 10 nanoseconds from 
the peak value. We note that the laser pulse train used for PAN stimulation is operated with 
a repetition rate of 3.3 kHz. At this repetition rate, the laser pulse train resulted in pulsed 
temperature spikes with a FWHM of 3 nanoseconds and no temperature accumulation was 
observed (Figure 4.16d). For comparison, we simulated the temperature evolution for gold 
nanoparticles of 60 nm diameter under 532 nm CW laser with conditions reported for 
successful photothermal driven optocapacitive stimulation. Two conditions, one with 
energy of 67.8 nJ and duration of 1 µs and the other with energy of 9.8 µJ and duration of 
1 ms, respectively, were used with a laser focus of 5 μm diameter as previously described 
144(Figure 4.16e and f). The temperature profile under these laser excitation conditions 
(Figure 4.16e,f) was found to be substantially different from the temperature profile under 
the nanosecond laser excitation. As shown in Figure 4.16e,f, the temperature increases on 
the Au nanoparticle surface quickly reach a plateau within the first 200 ns in both CW laser 
cases, with plateaued values at 65.6 °C and 10.3 °C, respectively. Similar temperature 
features also found in our simulation of graphite microparticles under a laser energy of 0.7 
µJ for 80 µs laser duration at 532 nm, consistent with reported experimental and calculation 
results 145, 146. In summary, in the PAN case, the maximum temperature increase is 
significantly smaller than both CW cases.  Additionally, the duration of each temperature 
spikes is a few nanoseconds, more than 2 orders smaller than that found for nanoparticle 
under CW laser excitation. It is conceivable that current induced by capacitance change 




PAN stimulation is distinct from the photothermal optocapacitive stimulation.  
 
Figure 4.18 Simulated acoustic pressure at 10 nm from PAN surface in water 
4.4. Discussion 
In this work, we demonstrated semiconducting polymer-based PANs for neural 
stimulation under excitation by a nanosecond laser at NIR-II window. Enhanced specificity 
was achieved via bioconjugating TRPV4 to the PANs. Successful in vivo activation 
through PANs directly injected into the cortex area of mouse living brains was 





Figure 4.19 Temperature change profile of a gold nanoparticle calculated under 3 laser 
pulses with a pulse width of 3 ns and pulse energy of 1.18 nJ.    
The photothermal effect of nanoparticles has been reported to successfully modulate 
neurons mainly in vitro  140, 142-144, 148, 185-189 . Two potential stimulation mechanisms were 
proposed, one through the increase of temperature, with highest temperature often found 
in the range of 50 °C to 70 °C 148, 187, and another through an optocapacitive stimulation 
determined by the rate of temperature change 144-146. In our work, excited by a 3-
nanosecond pulsed laser, the maximum temperature rise on the PAN surface is 8 °C and 
temperature change is in the form of 10 spikes, each of which is less than 10 nanoseconds 
in duration, without temperature accumulation over 3 ms. . Instead, the PANs are able to 
generate a localized acoustic wave on the microsecond scale upon ns pulsed light with a 




did not occur when we changed the ns laser to a CW laser of the same energy (Figure 
4.16a,b). We note that in addition to its mechanosensitivity, TRPV4 is also sensitive to 
mild temperature increases, specifically, when temperature exceeds 32oC for neurons 
initially under room temperature 190. Based on our simulation, the surface temperature 
increase of 8 °C (from 20 ºC to 28 ºC) under nanosecond light excitation is not sufficient 
to evoke TRPV4 current by heat alone. These findings collectively show that PAN neural 
stimulation observed is mainly contributed by the photoacoustic effect. Nevertheless, when 
such experiments were to be performed under body temperature, the possibility of heat 
induced activation should be further investigated.  
Since PAN generates acoustic wave with the ultrasonic frequencies, it is likely that 
PAN mediated stimulation shares the mechanisms of ultrasound neuromodulation. Several 
possible mechanisms have been proposed for ultrasound neuromodulation 87, 191, and 
activation of mechanosensitive ion channels is among the most studied in the literature 43, 
47, 192. In this work, we showed that direct binding to TRPV4 enhances stimulation 
specificity and efficiency, which suggests activation of mechanosensitive channels as a 
potential mechanism candidate for future investigations. Nevertheless, other 
mechanosensitive channels including TRPC4, Piezo 1, TREK-1 and TRAAK channels 193-
198 should also be considered and further investigated. Other possible mechanisms involve 
transient mechanical disruptions of the neuronal membrane, which includes permeability 
change induced by membrane sonoporation 86, 199 and capacitive current generated by 





Figure 4.20 Photoacoustic/ultrasound image of PAN solution (1.5 mg/mL) in a transparent 
polyurethane tube (black circle) placed underneath mouse skull and 5.5 mm thick brain 
mimicking phantom. 
Notably when thermal confinement were met, many nanoparticles, including Au 
nanoparticles, can also be photoacoustic 201. The photoacoustic properties of these 
nanostructures have been only applied for photoacoustic imaging. Our work is the first-
time demonstration of photoacoustic nanoparticles for neurostimulation. The 
semiconducting polymer-based PAN provides a new paradigm for neural modulation 




we compared COMSOL simulation for Au nanoparticles under the ns laser condition at the 
wavelength of 532 nm wavelength to that for PANs. Under the same laser power, the 
maximum temperature rise is 40.4 °C on Au nanoparticle surface, compared to 8.4 °C on 
PAN surface. As it produces less temperature rise, avoiding potential thermal toxicity while 
effectively activating neurons, PAN is of particular interest for neuron stimulation. Second, 
Semiconducting polymer nanoparticles have been shown to have biocompatibility and 
biodegradability. Our results also confirmed that PAN induces minimal cytotoxicity to 
neurons in vitro. Additionally, through an engineered metabolizing pathway, 
biodegradation of semiconducting polymer nanoparticles has recently demonstrated in 
vitro and in vivo 202, 203, which potentially allows clearance of PAN from the brain after 
stimulation. Third, PANs provide an exciting opportunity for non-invasive neural 
modulation and other biological regulation 204. PANs uniquely absorb NIR-II light. Due to 
its longer wavelength, NIR-II light has been reported to have sufficient penetration depth 
in highly scattering medium 155, 205, 206.  Such wavelength has also been demonstrated to 
have the capability of penetrating human skull 152, 153, potentially enabling non-surgical 
brain stimulation through light excitation. To illustrate the possibility for deep penetration, 
we embedded PANs in a 5 mm thick brain-mimicking phantom under a mouse skull. We 
clearly detected optoacoustic signals from these PANs by ns laser excitation above the 
skull using photoacoustic tomography (Figure 4.20). In addition, advances in biophotonics 
showed that NIR light focusing with approximately 100 µm is possible in brain tissue 207. 
Compared to other studies on NIR absorbing up-conversion nanoparticle assisted 
optogenetic neural modulation 208-211, PAN neural modulation doesn’t require genetic 
104 
modification, which makes it suitable for potential clinical applications in human subjects. 
Additionally, compared to photothermal neuromodulation based on light-absorbing 
nanoparticles 39, 148, 187, 210, often with CW laser, PAN mediated stimulation shows no 
thermal accumulation, which largely eliminates thermally induced tissue damage. Together 
with potential development in surgical free targeted delivery of PANs to specific regions 
of a brain, for example, via ultrasound openings of the blood-brain barrier 212, 213, PANs 
promise an opportunity of non-genetic and non-surgical brain modulation in live animals 
and further in human patients.  
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CHAPTER 5. HIGH PRECISION MICROWAVE MODULATION BY A SPLIT 
RING RESONATOR 
Dr. Lu Lan designed the SRR. Ying Jiang and Yueming Li fabricated the SRR and 
designed the experiments. Ying Jiang Yueming Li and Carolyn Marar performed the 
experiments. Ying Jiang and Yueming Li preformed the COMSOL simulation. Dr. Ji-Xin 
Cheng supervised the project. 
Wireless neuromodulation allows manipulation of neural circuits in a minimally 
invasive manner. Current wireless neuromodulation methods either have low spatial 
temporal resolution, or have limited penetration depth. To address these limitations, we 
developed a microwave based neural modulation method for effective inhibition of neural 
activities. Utilizing the resonance effect offered by the spit ring resonator, we achieved 
wireless neural inhibition with an nonthermal mechanism. In addition, a axial offset split 
ring resonator was developed for ultraefficient local hotspot generation, which allows 
wireless thermal neural stimulation with 100 μm spatial resolution.  
5.1. Introduction 
Wireless neuromodulation using electromagnetic wave allows manipulation of 
neural circuits in a minimally invasive manner. To date, researchers has explored a broad 
spectrum of electromagnetic wave and developed wireless neuromodulation methods using 
photons and magnetic wave. However, Due to its long wavelength, magnetic wave based 
methods such as TMS214, 215 and magnetothermal stimulation150 often lack spatial temporal 




precision but can barely penetrate couple hundred μm in rodent brain, not to mention the 
human skull23, 188, 211. Microwave, with frequencies between 300 MHz and 300 GHz, is the 
intermediate step between photons and magnetic wave, yet, has rarely been explored for 
neuromodulation. Microwave has much higher wavelength than photons, which has been 
known to provide >50 mm penetration depth into the human brain noninvasively, while 
maintaining more than 50% of its energy216, 217. Yet, its wavelength is much lower than that 
of magnetic wave, promising high spatial resolution to specifically modulate subcortical 
regions if focused. To date, the earliest report of using microwave to modulate neural 
activities dates back to the 1970s, where low intensity microwave was applied to Aplasia 
pacemaker neurons for extended time periods (> 60s), and a reduction in the firing rate was 
monitored218. A few decades later, microwave modulation of songbird neurons in vivo was 
reported219. However, these early studies yielded inconsistent conclusion about effect of 
modulation. More recently, with development of information technologies, microwave 
frequency has been used extensively in communications, and a number of studies have 
focused on the negative effect of chronic exposure to microwave from cell phone, wifi and 
other communication apparatus216, 220-222. However, none of the previous studies have 
explored the modulatory effect of microwave on mammalian nervous system by short term 
exposure to microwave field for therapeutic applications. To address this need, we first 
validated a microwave based neural modulation method for effective inhibition of neural 
activities. In an attempt to further increase the efficiency of microwave modulation, we 
have designed a split ring resonator (SRR) implant that concentrates and amplifies the local 




limit at higher spatial precision. Additionally, we further enhanced the resonance effect by 
designing an offset at the ring gap, and achieved ultra-efficient thermal hot spot generation, 
which allows thermal induced neural stimulation at at ~100 μm spatial resolution 
5.1.1. Methods 
5.1.2. Thermal imaging 
To visualize the temperature change of the ring under the illumination with microwaves, 
we mounted the ring on a thin plastic film, inverted the film, and floated it on a small oil 
container. By doing so, the ring was shallowly immersed in PBS and the mid-infrared light 
radiated from the ring was captured by the thermal camera. A thermal camera (A325sc, 
FLIR) was mounted above and looked down at the ring floating in the oil container. The 
microwave source was running in a continuous mode and turned on for 3 s for the thermal 
imaging experiment. The thermal camera captures the heating and relaxing process with a 
frame rate of 30 Hz for 20 s.  
5.1.3. Neuron culture 
Primary cortical neuron cultures were derived from Sprague-Dawley rats. Briefly, 
cortices were dissected out from embryonic day 18 (E18) rats of either sex and then 
digested with papain (0.5 mg/mL in Earle’s balanced salt solution) (Thermo Fisher 
Scientific) and plated on poly-D-lysine coated coverslips. For primary neuron cultures, 
cells were first plated in Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific) 
containing 10% fetal bovine serum (Thermo Fisher Scientific) and 1% GlutaMAXtm 




(Neurobasal medium supplemented with 2% B-27 (Thermo Fisher Scientific) and 1% 
GlutaMAXtm (Thermo Fisher Scientific). Thereafter, the medium was replaced every 3 to 
4 days until use.  
5.1.4. Calcium imaging 
Calcium imaging was performed on a lab-built wide field fluorescence microscope. 
The microscope was based on an Olympus IX71 microscope frame, with a 20X air 
objective (UPLSAPO20X, 0.75 NA, Olympus), illuminated by a 470 nm LED (M470L2, 
Thorlabs), an emission filter (FBH520-40, Thorlabs), an excitation filter (MF469-35, 
Thorlabs) and a dichroic mirror (DMLP505R, Thorlabs). Image sequences were acquired 
with a scientific CMOS camera (Zyla 5.5, Andor) at 20 frames per second.  
5.2. Results. 
5.2.1. Microwave inhibits spontaneous firing of neurons in vitro. 
A microwave signal generator (9 kHz – 3 GHz, SMB100A, Rohde & Schwarz) was used as the 
seed microwave generation, and a solid-state power amplifier (ZHL-100W-242+, Mini Circuits) 
was connected to amplify the microwave to 100 Watt peak power. Next, the amplified microwave 
was delivered through a waveguide (WR430, Pasternack) on top of the neuron culture dish. The 
neurons were immersed in approximately 5 mm deep of culture medium. Microwave at 0.7 or 1.0 
GHz was delivered through a rectangular waveguide at 100W/50cm2 peak power for 3s. To avoid 
potential overheating of the cells, we performed simultaneous thermal imaging with IR camera to 
monitor the medium temperature. To visualize neural activity, we performed calcium imaging on 
cortical neurons expressing  GCaMP6f was imaged at DIV10. As shown in Figure 5.1a, cultured 




neurons with 3 s microwave radiation, no effect on neuron firing was observed (Figure 5.1b). 
However, when we change the microwave frequency to 1.0 GHz, we can see a significant 
reduction on the spontaneous firing of neurons (Figure 5.1c). When we looked at the 
calcium trace of individual neurons over prolonged recording, we can see that a 3 s 
exposure to microwave reduced the firing rate neurons up to 50 s and the neurons resumes 
its original spontaneous firing pattern after 50 s Figure 5.1c. This indicate that the inhibition 
is not induced by damage of neurons. The average inhibition rate of 84% for 3 s of 
microwave irradiation, while only 34% for 0.5 s irradiation. The thermal imaging shows 
that the temperature increase during 3 s microwave exposure at 1.0 GHz was 1.6 ºC (Figure 
5.1e), which is known to have no significant modulation effect in neural inhibition. 
Collectively, these data demonstrated that microwave can inhibit spontaneous neural 





Figure 5.1 Microwave inhibition of spontaneous activity in culture neurons.  
a. Spontaneous activity exhibited by DIV 10 primary cortical neurons. b,c. Population 
activity of neurons exposed to 3 s of microwave radiation at 0.7 GHz b, and 1.0 GHz c, 
respectively. d. Representative trace of calcium response of individual neurons under 3 s 
of microwave radiation at 1.0 GHz. e. Medium temperature increase for 3 s of microwave 
radiation at 1.0 GHz. Purple box: microwave on period 
5.2.2. SRR generates enhanced microwave field. 
In an attempt to enhance the spatial resolution and efficiency of microwave 
neuromodulation, we employed an SRR that has been shown to concentrate microwave 
locally with submillimeter spatial precision. To theoretically verify the resonance effect of 
the SRR and determine the resonance frequency, we applied finite element modeling of the 
SRR under electromagnetic field under 0.1 GHz to 3 GHz. The copper SRR was placed in 
bulk PBS medium and the excitation wave was provided using a port with a plane wave 
input that has E polarized in the y direction and H polarized in the z direction. The magnetic 




used at the boundaries of the simulated area. Figure 5.2 shows the electromagnetic field 
distribution of SRR under external microwave irradiation. Strong electromagnetic field 
was observed at the gap site at 1.2 GHz, with strong contrast from surrounding environment 
with the full wave half  maximum of 0.34 mm (Figure 5.2b), indicating strong resonance 
effect and high spatial precision, while at off resonance frequencies, no resonance effect 
was observed. To experimentally verify the resonance effect, thermal measurement of local 
temperature increase was performed. An SRR was manually fabricated by bending of a 
copper wire with 0.2 mm diameter as shown in Figure 5.2c. Thermal imaging was 
performed with the SRR floating at the air water interface. The temperature increase at the 
gap site was measured with 1 s of microwave heating from 0.7 GHz to 2.7 GHz. A 
temperature increase of 2.51 ºC was observed at the gap site at 2.0 GHz (Figure 5.2e), with 
strong contrast from surrounding environment, while at off resonance frequencies, the 
temperature increase was less than 0.13 ºC. Additionally, at 2.0 GHz, but without the ring, 
1 s microwave heating only induces less than 0.1 ºC temperature increase. Collectively, 
these data suggest that the SRR generates strong electromagnetic field at the gap site with 





Figure 5.2  SRR generates enhanced microwave field.  
a. Simulation of electrical field distribution of SRR upon on resonance microwave 
irradiation. b. Electrical field distribution alone the dashed line in a. c. Photo of a copper 
ring SRR. d. Thermal imaging of generation of local hot spot. e. Temperature increase at 
the gap of SRR upon 1 s microwave irradiation.  
 
5.2.3. SRR mediated neural inhibition with improved efficiency. 
We next investigated whether the SRR can achieve neuromodulation at higher 
efficiency and spatial resolution through the resonance effect. An SRR with diameter of 
3.66 mm and resonance frequency of 2.0 GHz was held on a micromanipulator and placed 
at ~100 μm above the GCaMP6f expressing neurons. The SRR was fully immersed and the 




the waveguide with H field perpendicular to the ring plane. 0.5 s of on resonance 
microwave at 100 W/ 50 cm2 was delivered. Immediately after microwave irradiation, 
GCaMP fluorescence intensity reduced significantly (Figure 5.3a), with inhibition rate of 
94% compared to 34% using microwave wave directly without the SRR. In addition, 0.5 s 
of off resonance microwave irradiation at 1.5 GHz did not induce significant inhibition. 
These results suggest that with the resonant SRR to confine the microwave, inhibition 
efficiency can be significantly improved. 
 
Figure 5.3 a. SRR mediated neural inhibition with improved efficiency.  
a, Heatmap of GCaMP fluorescence intensity. b. Individual calcium traces of neurons near 
the SRR gap upon 0.5 s microwave irradiation 
 Next, we investigated the spatial resolution of SRR enhanced microwave neural 
inhibition. The SRR gap was placed at the edge of the field of view, and 3 s of microwave 
at resonance frequency with different intensity was delivered to the SRR. Strong inhibitory 
effect was observed at 2 W/cm2 for as indicated by significant GCaMP fluorescence 
reduction. As the power is lowered to 0.2, and 0.02 W/cm2, the inhibitory effect also 
reduces, and 0.002 W/cm2, no inhibition was observed. To visualize the area of effect for 




that at higher microwave intensity, all the neurons in the field of view was affected by 
microwave inhibition. When the microwave intensity was lowered, the inhibition area of 
effect also significantly reduced. At 0.02 W/cm2, only cells within 200 μm from the SRR 
gap showed reduction in fluorescence intensity, consistent with the distribution of the 
microwave field as shown in Figure 5.2b. These results indicated that the SRR enhanced 
neural inhibition has spatial resolution of ~ 200 μm in diameter, which is 2 orders of 
magnitude lower compared to the wavelength of microwave. 
5.2.4. aoSRR mediated thermal neural stimulation. 
 
Figure 5.4 oaSRR shows improved resonance enhancement.  
a. Design of the aoSRR. b, c. aoSRR generates enhanced electrical field upon microwave 
irradiation at resonance frequency. d. Electrical field intensity six times higher compared 




Highly concentrated microwave at SRR gap also makes it possible to exploit the potential 
of thermal induced neural stimulation by microwave heating. With the original ring design, 
the temperature increase near the ring gap is measured to be 2.5 ºC at on resonance 
frequency, which is below the thermal activation threshold for neurons. In an attempt to 
increase local thermal generation, a SRR with axial offset (aoSRR) was designed (Figure 
5.4a). Since the capacitance C of a parallel plate capacitor is given by C=epsilon A/d. By 
creating an axial offset on the SRR, two edges of the SRR are close proximity to each other, 
while the edges produce small surface area, resulting in much smaller capacitance. 
Whereas the electrical field E is given by E= q/Cd, a smaller capacitance of the capacitor 
leads to much higher electrical field at the capacitor gap. Though finite element modeling, 
a SRR with 0.2 mm axial offset generates electromagnetic field more than 6 with times 
higher intensity compared to regular SRR (Figure 5.4b-d). To test whether the aoSRR 
generates sufficient temperature increase for thermal neural stimulation, the aoSRR with 
2.3 diameter and 0.2 mm axial offset was manually fabricated. Temperature profile at the 
for 3 s on resonance microwave irradiation shows an increase of 4.1 ºC. Since the fiber 
optical thermal sensor has a diameter of 200 μm, which is larger than the simulated hotspot, 
resulting in spatial average of temperature. Thus, the actual temperature increase locally at 
the gap is expected to be higher. Next, we investigated whether such temperature increase 
is sufficient for thermal induced neural stimulation. The aoSRR was fully immersed and 
the gap is approximately 5 mm deep in cell culture medium. Upon 3 s microwave 
irradiation, the neurons near the gap site showed strong calcium activation (Figure 5.5a). 




microwave wavelength in water. Importantly, neither 3 s microwave heating of the ring at 
off resonance frequency (Figure 5.5b), nor 3 s microwave heating without the ring (Figure 
5.5c) produced any neural activation. Next, we investigated how microwave duration 
affects the stimulation outcome. 2.01 GHz microwave at different duration was delivered 
to the neurons. The maximum GCaMP fluorescence response amplitudes for 3 s, 2 s, and 
1 s microwave irradiation are 132.4±30.4%, 128±27.6% and 41.1±28.2% respectively 
(Figure 5.5d). Collectively, these data demonstrated that the aoSRR activates neurons 
though a thermal mechanism by ultra-efficient microwave heating with 200 μm spatial 
resolution. 
 
Figure 5.5 aoSRR induced thermal neural stimulation.  
a. Heatmap of GCaMP fluorescence intensity of neurons near aoSRR gap upon 3 s of on 




3 s of off resonance (2.4 GHz) microwave irradiation. c. Heat map of neurons upon 3 s of 
2.0 GHz microwave irradiation without aoSRR. d. Average calcium traces of aoSRR 
stimulated neurons with 3, 2 and 1 s of microwave irradiation at 2.01 GHz.  Arrow: onset 
of microwave. 
5.3. Discussion 
In this work, we developed a SRR which generates concentrated microwave field at 
small gap, allowing microwave neuromodulation at high spatial precision. Given the long 
wavelength of microwave (e.g., 150 mm at 2 GHz), it is challenging to achieve microwave 
focus without using large aperture devices or phased arrays. Instead, the SRR, the 
engineered simple structure of a conductive ring with a split gap, can realize that easily. 
With a proper microwave excitation frequency, the alternating current on the SRR induced 
by a magnetic flux penetrating the ring can form a standing wave with the gap as the 
reflector, and a strong electric field will be confined in the split gap. Here, we leverage the 
strong confinement of electromagnetic field within its small split gap, such as 50 µm, by 
the SRR to achieve ultra-high spatial resolution (<𝜆  /100) neural inhibition with the 
nonthermal mechanism of microwave for the first time. In addition, the aoSRR was 
designed and fabricated for ultra-efficient thermal hotspot generation, which is utilized for 
thermal activation of neuron with 100 μm spatial resolution. Lastly, the narrowband 
resonance nature of SRR enables multiplex bio-modulation by building 2D or 3D arrays 
comprised of SRR building blocks with different resonant frequencies. The resonant 
frequency of SRR is dependent on several design parameters including: ring diameter, gap 
size, and wire thickness, etc. Thus, SRRs of different resonant frequencies can be tailored 
by simply varying the design parameters and fabricated to put in 2D or 3D arrays. 




different frequencies, each individual SRR in the array can be selectively or simultaneously 
activated. Therefore, multiplexed location specific neural modulation can be achieved and 
be potentially used to modulate complex neural circuits. In summary, the SRR offers 






In summary, with the combination of photonics and acoustics, we developed a variety 
of neuromodulation techniques using the optoacoustic effect. The fiber based FOC and 
TFOE allows metal free neural stimulation at high spatial precision, which promises 
clinical applications such as MRI compatible deep brain stimulation. The integration of 
acoustic stimulation and whole cell electrophysiology allows future investigations into the 
mechanism of optoacoustic and ultrasound neural stimulation. The PAN based neural 
stimulation allows genetic free modulation of neurons at optical resolution, which could 
see applications in development of a non-contact retinal prosthesis. Additionally, recent 
advances ultrasound induced blood brain barrier opening allows targeted delivery of 
nanoparticles in specific brain regions, with the development of novel photonics devices 
such as Bessel beam optical fibers, which can potentially deliver near IR light across human 
skull, PANs promise an opportunity of non-genetic and non-surgical brain modulation in 
live animals and further in human patients. Finally, microwave, with its ability of high 
penetration depth into human brain, might receive more attention in the field of 
neuromodulation. With further investigation into safety limits of microwave exposure and 
the mechanism of non-thermal effect of microwave, new devices that enhances the 
efficiency of microwave neuromodulation such as the SRR could see its application in the 
clinics for wireless deep brain stimulation and wireless peripheral nerve stimulation. Most 
importantly, these novel neuromodulation techniques could further advance our 
understanding of the function of neurons and neural networks, which in turn leads to 





1. Gooch, C. L.;  Pracht, E.; Borenstein, A. R., The burden of neurological disease in the 
United States: A summary report and call to action. Annals of Neurology 2017, 81 (4), 
479-484. 
2. Frank, J. A.;  Antonini, M.-J.; Anikeeva, P., Next-generation interfaces for studying 
neural function. Nature Biotechnology 2019, 37 (9), 1013-1023. 
3. Zeng, F.-G.;  Rebscher, S.;  Harrison, W.;  Sun, X.; Feng, H., Cochlear implants: 
system design, integration, and evaluation. IEEE Reviews in Biomedical Engineering 
2008, 1, 115-142. 
4. Rizzo III, J. F., Update on retinal prosthetic research: the Boston Retinal Implant 
Project. Journal of Neuro-ophthalmology 2011, 31 (2), 160-168. 
5. Ortiz-Catalan, M.;  Håkansson, B.; Brånemark, R., An osseointegrated human-
machine gateway for long-term sensory feedback and motor control of artificial limbs. 
Science Translational Medicine 2014, 6 (257), 257re6-257re6. 
6. Luan, S.;  Williams, I.;  Nikolic, K.; Constandinou, T. G., Neuromodulation: present 
and emerging methods. Frontiers in Neuroengineering 2014, 7, 27. 
7. Nason, S. R.;  Vaskov, A. K.;  Willsey, M. S.;  Welle, E. J.;  An, H.;  Vu, P. P.;  
Bullard, A. J.;  Nu, C. S.;  Kao, J. C.; Shenoy, K. V., A low-power band of neuronal 
spiking activity dominated by local single units improves the performance of brain–
machine interfaces. Nature Biomedical Engineering 2020, 4 (10), 973-983. 
8. Silversmith, D. B.;  Abiri, R.;  Hardy, N. F.;  Natraj, N.;  Tu-Chan, A.;  Chang, E. F.; 
Ganguly, K., Plug-and-play control of a brain–computer interface through neural map 
stabilization. Nature Biotechnology 2020, 1-10. 
9. Boon, P.;  Vonck, K.;  De Herdt, V.;  Van Dycke, A.;  Goethals, M.;  Goossens, L.;  
Van Zandijcke, M.;  De Smedt, T.;  Dewaele, I.; Achten, R., Deep brain stimulation 
in patients with refractory temporal lobe epilepsy. Epilepsia 2007, 48 (8), 1551-1560. 
10. Mayberg, H. S.;  Lozano, A. M.;  Voon, V.;  McNeely, H. E.;  Seminowicz, D.;  
Hamani, C.;  Schwalb, J. M.; Kennedy, S. H., Deep brain stimulation for treatment-
resistant depression. Neuron 2005, 45 (5), 651-660. 
11. Rosin, B.;  Slovik, M.;  Mitelman, R.;  Rivlin-Etzion, M.;  Haber, S. N.;  Israel, Z.;  
Vaadia, E.; Bergman, H., Closed-loop deep brain stimulation is superior in 




12. Ineichen, C.;  Shepherd, N. R.; Sürücü, O., Understanding the effects and adverse 
reactions of deep brain stimulation: is it time for a paradigm shift toward a focus on 
Heterogenous biophysical tissue properties instead of electrode design only? 
Frontiers in Human Neuroscience 2018, 12, 468. 
13. Dunn, J. F.;  Tuor, U. I.;  Kmech, J.;  Young, N. A.;  Henderson, A. K.;  Jackson, J. 
C.;  Valentine, P. A.; Teskey, G. C., Functional brain mapping at 9.4 T using a new 
MRI‐compatible electrode chronically implanted in rats. Magnetic Resonance in 
Medicine 2009, 61 (1), 222-228. 
14. Biran, R.;  Martin, D. C.; Tresco, P. A., Neuronal cell loss accompanies the brain 
tissue response to chronically implanted silicon microelectrode arrays. Experimental 
Neurology 2005, 195 (1), 115-126. 
15. Kozai, T. D.;  Jaquins-Gerstl, A. S.;  Vazquez, A. L.;  Michael, A. C.; Cui, X. T., 
Brain tissue responses to neural implants impact signal sensitivity and intervention 
strategies. ACS Chemical Neuroscience 2015, 6 (1), 48-67. 
16. Hallett, M., Transcranial magnetic stimulation and the human brain. Nature 2000, 406 
(6792), 147. 
17. Thut, G.; Pascual-Leone, A., A review of combined TMS-EEG studies to characterize 
lasting effects of repetitive TMS and assess their usefulness in cognitive and clinical 
neuroscience. Brain Topography 2010, 22 (4), 219. 
18. Deng, Z.-D.;  Lisanby, S. H.; Peterchev, A. V., Electric field depth–focality tradeoff 
in transcranial magnetic stimulation: simulation comparison of 50 coil designs. Brain 
Stimulation 2013, 6 (1), 1-13. 
19. Stagg, C. J.; Nitsche, M. A., Physiological basis of transcranial direct current 
stimulation. The Neuroscientist 2011, 17 (1), 37-53. 
20. Brunoni, A. R.;  Amadera, J.;  Berbel, B.;  Volz, M. S.;  Rizzerio, B. G.; Fregni, F., A 
systematic review on reporting and assessment of adverse effects associated with 
transcranial direct current stimulation. International Journal of 
Neuropsychopharmacology 2011, 14 (8), 1133-1145. 
21. Boyden, E. S.;  Zhang, F.;  Bamberg, E.;  Nagel, G.; Deisseroth, K., Millisecond-
timescale, genetically targeted optical control of neural activity. Nature Neuroscience 
2005, 8 (9), 1263-1268. 
22. Kim, C. K.;  Adhikari, A.; Deisseroth, K., Integration of optogenetics with 
complementary methodologies in systems neuroscience. Nature Reviews. 




23. Deisseroth, K., Optogenetics. Nature Methods 2011, 8 (1), 26-29. 
24. Nagel, G.;  Szellas, T.;  Huhn, W.;  Kateriya, S.;  Adeishvili, N.;  Berthold, P.;  Ollig, 
D.;  Hegemann, P.; Bamberg, E., Channelrhodopsin-2, a directly light-gated cation-
selective membrane channel. Proceedings of the National Academy of Sciences of the 
United States of America 2003, 100 (24), 13940-13945. 
25. Chow, B. Y.;  Han, X.;  Dobry, A. S.;  Qian, X.;  Chuong, A. S.;  Li, M.;  Henninger, 
M. A.;  Belfort, G. M.;  Lin, Y.; Monahan, P. E., High-performance genetically 
targetable optical neural silencing by light-driven proton pumps. Nature 2010, 463 
(7277), 98-102. 
26. Liu, X.;  Ramirez, S.;  Pang, P. T.;  Puryear, C. B.;  Govindarajan, A.;  Deisseroth, 
K.; Tonegawa, S., Optogenetic stimulation of a hippocampal engram activates fear 
memory recall. Nature 2012, 484 (7394), 381-385. 
27. Nabavi, S.;  Fox, R.;  Proulx, C. D.;  Lin, J. Y.;  Tsien, R. Y.; Malinow, R., Engineering 
a memory with LTD and LTP. Nature 2014, 511 (7509), 348-352. 
28. Lin, D.;  Boyle, M. P.;  Dollar, P.;  Lee, H.;  Lein, E.;  Perona, P.; Anderson, D. J., 
Functional identification of an aggression locus in the mouse hypothalamus. Nature 
2011, 470 (7333), 221-226. 
29. Bernstein, J. G.; Boyden, E. S., Optogenetic tools for analyzing the neural circuits of 
behavior. Trends in Cognitive Sciences 2011, 15 (12), 592-600. 
30. Etter, G.;  van der Veldt, S.;  Manseau, F.;  Zarrinkoub, I.;  Trillaud-Doppia, E.; 
Williams, S., Optogenetic gamma stimulation rescues memory impairments in an 
Alzheimer’s disease mouse model. Nature Communications 2019, 10 (1), 1-11. 
31. Roy, D. S.;  Arons, A.;  Mitchell, T. I.;  Pignatelli, M.;  Ryan, T. J.; Tonegawa, S., 
Memory retrieval by activating engram cells in mouse models of early Alzheimer’s 
disease. Nature 2016, 531 (7595), 508-512. 
32. Steinbeck, J. A.;  Choi, S. J.;  Mrejeru, A.;  Ganat, Y.;  Deisseroth, K.;  Sulzer, D.;  
Mosharov, E. V.; Studer, L., Optogenetics enables functional analysis of human 
embryonic stem cell–derived grafts in a Parkinson's disease model. Nature 
Biotechnology 2015, 33 (2), 204-209. 
33. Kravitz, A. V.;  Freeze, B. S.;  Parker, P. R.;  Kay, K.;  Thwin, M. T.;  Deisseroth, K.; 
Kreitzer, A. C., Regulation of parkinsonian motor behaviours by optogenetic control 
of basal ganglia circuitry. Nature 2010, 466 (7306), 622-626. 
34. Ryan, T. J.;  Roy, D. S.;  Pignatelli, M.;  Arons, A.; Tonegawa, S., Engram cells retain 




35. Wells, J.;  Kao, C.;  Mariappan, K.;  Albea, J.;  Jansen, E. D.;  Konrad, P.; Mahadevan-
Jansen, A., Optical stimulation of neural tissue in vivo. Optics Letters 2005, 30 (5), 
504-506. 
36. Wells, J.;  Kao, C.;  Konrad, P.;  Milner, T.;  Kim, J.;  Mahadevan-Jansen, A.; Jansen, 
E. D., Biophysical mechanisms of transient optical stimulation of peripheral nerve. 
Biophysical Journal 2007, 93 (7), 2567-2580. 
37. Izzo, A. D.;  Richter, C. P.;  Jansen, E. D.; Walsh Jr, J. T., Laser stimulation of the 
auditory nerve. Lasers in Surgery and Medicine 2006, 38 (8), 745-753. 
38. Cayce, J. M.;  Friedman, R. M.;  Chen, G.;  Jansen, E. D.;  Mahadevan-Jansen, A.; 
Roe, A. W., Infrared neural stimulation of primary visual cortex in non-human 
primates. NeuroImage 2014, 84, 181-190. 
39. Yoo, S.;  Park, J.-H.; Nam, Y., Single-Cell photothermal neuromodulation for 
functional mapping of neural networks. ACS Nano 2018, 13 (1), 544-551. 
40. Cayce, J. M.;  Wells, J. D.;  Malphrus, J. D.;  Kao, C.;  Thomsen, S.;  Tulipan, N. B.;  
Konrad, P. E.;  Jansen, E. D.; Mahadevan-Jansen, A., Infrared neural stimulation of 
human spinal nerve roots in vivo. Neurophotonics 2015, 2 (1), 015007. 
41. Shapiro, M. G.;  Homma, K.;  Villarreal, S.;  Richter, C.-P.; Bezanilla, F., Infrared 
light excites cells by changing their electrical capacitance. Nature Communications 
2012, 3, 736. 
42. King, R. L.;  Brown, J. R.;  Newsome, W. T.; Pauly, K. B., Effective parameters for 
ultrasound-induced in vivo neurostimulation. Ultrasound in Medicine & Biology 
2013, 39 (2), 312-331. 
43. Yoo, S.;  Mittelstein, D. R.;  Hurt, R. C.;  Lacroix, J. J.; Shapiro, M. G., Focused 
ultrasound excites neurons via mechanosensitive calcium accumulation and ion 
channel amplification. bioRxiv 2020. https://doi.org/10.1101/2020.05.19.101196 
44. Yoo, S.-S.;  Bystritsky, A.;  Lee, J.-H.;  Zhang, Y.;  Fischer, K.;  Min, B.-K.;  
McDannold, N. J.;  Pascual-Leone, A.; Jolesz, F. A., Focused ultrasound modulates 
region-specific brain activity. NeuroImage 2011, 56 (3), 1267-1275. 
45. Legon, W.;  Rowlands, A.;  Opitz, A.;  Sato, T. F.; Tyler, W. J., Pulsed ultrasound 
differentially stimulates somatosensory circuits in humans as indicated by EEG and 
FMRI. PLoS One 2012, 7 (12), e51177. 
46. Tyler, W. J.;  Tufail, Y.;  Finsterwald, M.;  Tauchmann, M. L.;  Olson, E. J.; Majestic, 
C., Remote Excitation of Neuronal Circuits Using Low-Intensity, Low-Frequency 




47. Kubanek, J.;  Shukla, P.;  Das, A.;  Baccus, S. A.; Goodman, M. B., Ultrasound elicits 
behavioral responses through mechanical effects on neurons and ion channels in a 
simple nervous system. Journal of Neuroscience 2018, 38 (12), 3081-3091. 
48. Kubanek, J.;  Shi, J.;  Marsh, J.;  Chen, D.;  Deng, C.; Cui, J., Ultrasound modulates 
ion channel currents. Scientific Reports 2016, 6, 24170. 
49. Plaksin, M.;  Kimmel, E.; Shoham, S., Cell-type-selective effects of intramembrane 
cavitation as a unifying theoretical framework for ultrasonic neuromodulation. 
eNeuro 2016, 0136-15. 
50. Plaksin, M.;  Shoham, S.; Kimmel, E., Intramembrane cavitation as a predictive bio-
piezoelectric mechanism for ultrasonic brain stimulation. Physical Review X 2014, 4 
(1), 011004. 
51. Tufail, Y.;  Matyushov, A.;  Baldwin, N.;  Tauchmann, M. L.;  Georges, J.;  Yoshihiro, 
A.;  Tillery, S. I. H.; Tyler, W. J., Transcranial pulsed ultrasound stimulates intact 
brain circuits. Neuron 2010, 66 (5), 681-694. 
52. Tufail, Y.;  Yoshihiro, A.;  Pati, S.;  Li, M. M.; Tyler, W. J., Ultrasonic 
neuromodulation by brain stimulation with transcranial ultrasound. Nature Protocols 
2011, 6 (9), 1453-1470. 
53. Deffieux, T.;  Younan, Y.;  Wattiez, N.;  Tanter, M.;  Pouget, P.; Aubry, J.-F., Low-
intensity focused ultrasound modulates monkey visuomotor behavior. Current 
Biology 2013, 23 (23), 2430-2433. 
54. Legon, W.;  Sato, T. F.;  Opitz, A.;  Mueller, J.;  Barbour, A.;  Williams, A.; Tyler, 
W. J., Transcranial focused ultrasound modulates the activity of primary 
somatosensory cortex in humans. Nature Neuroscience 2014, 17 (2), 322. 
55. Legon, W.;  Bansal, P.;  Tyshynsky, R.;  Ai, L.; Mueller, J. K., Transcranial focused 
ultrasound neuromodulation of the human primary motor cortex. Scientific Reports 
2018, 8 (1), 10007. 
56. Mueller, J.;  Legon, W.;  Opitz, A.;  Sato, T. F.; Tyler, W. J., Transcranial focused 
ultrasound modulates intrinsic and evoked EEG dynamics. Brain Stimulation 2014, 7 
(6), 900-908. 
57. Guo, H.;  Hamilton II, M.;  Offutt, S. J.;  Gloeckner, C. D.;  Li, T.;  Kim, Y.;  Legon, 
W.;  Alford, J. K.; Lim, H. H., Ultrasound produces extensive brain activation via a 




58. Sato, T.;  Shapiro, M. G.; Tsao, D. Y., Ultrasonic neuromodulation causes widespread 
cortical activation via an indirect auditory mechanism. Neuron 2018, 98 (5), 1031-
1041. e5. 
59. Bell, A. G., ART. XXXIV.--On the Production and Reproduction of Sound by Light. 
American Journal of Science (1880-1910) 1880, 20 (118), 305. 
60. Wang, L. V., Photoacoustic imaging and spectroscopy. CRC press: 2017. 
61. Weber, J.;  Beard, P. C.; Bohndiek, S. E., Contrast agents for molecular photoacoustic 
imaging. Nature Methods 2016, 13 (8), 639-650. 
62. Wang, L. V.; Yao, J., A practical guide to photoacoustic tomography in the life 
sciences. Nature Methods 2016, 13 (8), 627. 
63. Guo, Z.;  Hu, S.; Wang, L. V., Calibration-free absolute quantification of optical 
absorption coefficients using acoustic spectra in 3D photoacoustic microscopy of 
biological tissue. Optics Letters 2010, 35 (12), 2067-2069. 
64. Zhang, H. F.;  Maslov, K.;  Sivaramakrishnan, M.;  Stoica, G.; Wang, L. V., Imaging 
of hemoglobin oxygen saturation variations in single vessels in vivo using 
photoacoustic microscopy. Applied Physics Letters 2007, 90 (5), 053901. 
65. Xia, J.; Wang, L. V., Small-animal whole-body photoacoustic tomography: a review. 
IEEE Transactions on Biomedical Engineering 2013, 61 (5), 1380-1389. 
66. Hu, S.; Wang, L. V., Photoacoustic imaging and characterization of the 
microvasculature. Journal of Biomedical Optics 2010, 15 (1), 011101. 
67. Gottschalk, S.;  Degtyaruk, O.;  Mc Larney, B.;  Rebling, J.;  Hutter, M. A.;  Deán-
Ben, X. L.;  Shoham, S.; Razansky, D., Rapid volumetric optoacoustic imaging of 
neural dynamics across the mouse brain. Nature Biomedical Engineering 2019, 3 (5), 
392. 
68. Olefir, I.;  Ghazaryan, A.;  Yang, H.;  Malekzadeh-Najafabadi, J.;  Glasl, S.;  
Symvoulidis, P.;  O’Leary, V. B.;  Sergiadis, G.;  Ntziachristos, V.; Ovsepian, S. V., 
Spatial and spectral mapping and decomposition of neural dynamics and organization 
of the mouse brain with multispectral optoacoustic tomography. Cell Reports 2019, 
26 (10), 2833-2846. e3. 
69. Ovsepian, S. V.;  Olefir, I.;  Westmeyer, G.;  Razansky, D.; Ntziachristos, V., Pushing 




70. Zhang, H. F.;  Maslov, K.;  Stoica, G.; Wang, L. V., Functional photoacoustic 
microscopy for high-resolution and noninvasive in vivo imaging. Nature 
Biotechnology 2006, 24 (7), 848-851. 
71. Wang, P.;  Ma, T.;  Slipchenko, M. N.;  Liang, S.;  Hui, J.;  Shung, K. K.;  Roy, S.;  
Sturek, M.;  Zhou, Q.; Chen, Z., High-speed intravascular photoacoustic imaging of 
lipid-laden atherosclerotic plaque enabled by a 2-kHz barium nitrite raman laser. 
Scientific Reports 2014, 4, 6889. 
72. Wang, X.;  Ku, G.;  Wegiel, M. A.;  Bornhop, D. J.;  Stoica, G.; Wang, L. V., 
Noninvasive photoacoustic angiography of animal brains in vivo with near-infrared 
light and an optical contrast agent. Optics Letters 2004, 29 (7), 730-732. 
73. Buehler, A.;  Herzog, E.;  Razansky, D.; Ntziachristos, V., Video rate optoacoustic 
tomography of mouse kidney perfusion. Optics Letters 2010, 35 (14), 2475-2477. 
74. Li, C.;  Aguirre, A.;  Gamelin, J. K.;  Maurudis, A.;  Zhu, Q.; Wang, L. V., Real-time 
photoacoustic tomography of cortical hemodynamics in small animals. Journal of 
Biomedical Optics 2010, 15 (1), 010509. 
75. Wu, J.;  You, L.;  Lan, L.;  Lee, H. J.;  Chaudhry, S. T.;  Li, R.;  Cheng, J. X.; Mei, J., 
Semiconducting polymer nanoparticles for centimeters‐deep photoacoustic imaging 
in the second near‐infrared window. Advanced Materials 2017, 29 (41), 1703403. 
76. Wu, J.;  Lee, H. J.;  You, L.;  Luo, X.;  Hasegawa, T.;  Huang, K. C.;  Lin, P.;  Ratliff, 
T.;  Ashizawa, M.; Mei, J., Functionalized NIR‐II Semiconducting Polymer 
Nanoparticles for Single‐cell to Whole‐Organ Imaging of PSMA‐Positive Prostate 
Cancer. Small 2020, 16 (19), 2001215. 
77. Gottschalk, S.;  Degtyaruk, O.;  Mc Larney, B.;  Rebling, J.;  Hutter, M. A.;  Deán-
Ben, X. L.;  Shoham, S.; Razansky, D., Rapid volumetric optoacoustic imaging of 
neural dynamics across the mouse brain. Nature Biomedical Engineering 2019, 3 (5), 
392-401. 
78. Lee, T.;  Baac, H. W.;  Li, Q.; Guo, L. J., Efficient photoacoustic conversion in optical 
nanomaterials and composites. Advanced Optical Materials 2018, 0 (0), 1800491. 
79. Buma, T.;  Spisar, M.; O’donnell, M., High-frequency ultrasound array element using 
thermoelastic expansion in an elastomeric film. Applied Physics Letters 2001, 79 (4), 
548-550. 
80. Zhang, E.;  Laufer, J.; Beard, P., Backward-mode multiwavelength photoacoustic 
scanner using a planar Fabry-Perot polymer film ultrasound sensor for high-resolution 





81. Mohammadzadeh, M.;  Gonzalez-Avila, S. R.;  Wan, Y. C.;  Wang, X.;  Zheng, H.; 
Ohl, C.-D., Photoacoustic shock wave emission and cavitation from structured optical 
fiber tips. Applied Physics Letters 2016, 108 (2), 024101. 
82. Chan, W.;  Hies, T.; Ohl, C.-D., Laser-generated focused ultrasound for arbitrary 
waveforms. Applied Physics Letters 2016, 109 (17), 174102. 
83. Baac, H. W.;  Ok, J. G.;  Maxwell, A.;  Lee, K.-T.;  Chen, Y.-C.;  Hart, A. J.;  Xu, Z.;  
Yoon, E.; Guo, L. J., Carbon-nanotube optoacoustic lens for focused ultrasound 
generation and high-precision targeted therapy. Scientific Reports 2012, 2, 989. 
84. Lee, T.;  Luo, W.;  Li, Q.;  Demirci, H.; Guo, L. J., Laser-induced focused ultrasound 
for cavitation treatment: toward high-precision invisible sonic scalpel. Small 2017, 13 
(38), 1701555. 
85. Lan, L.;  Xia, Y.;  Li, R.;  Liu, K.;  Mai, J.;  Medley, J. A.;  Obeng-Gyasi, S.;  Han, L. 
K.;  Wang, P.; Cheng, J.-X., A fiber optoacoustic guide with augmented reality for 
precision breast-conserving surgery. Light: Science & Applications 2018, 7 (1), 2. 
86. Shi, L.;  Jiang, Y.;  Zhang, Y.;  Lan, L.;  Huang, Y.;  Cheng, J.-X.; Yang, C., A fiber 
optoacoustic emitter with controlled ultrasound frequency for cell membrane 
sonoporation at submillimeter spatial resolution. Photoacoustics 2020, 100208. 
87. Tyler, W. J.;  Lani, S. W.; Hwang, G. M., Ultrasonic modulation of neural circuit 
activity. Current Opinion in Neurobiology 2018, 50, 222-231. 
88. Harvey, E. N., The effect of high frequency sound waves on heart muscle and other 
irritable tissues. American Journal of Physiology-Legacy Content 1929, 91 (1), 284-
290. 
89. Fry, F.;  Ades, H.; Fry, W., Production of reversible changes in the central nervous 
system by ultrasound. Science 1958, 127 (3289), 83-84. 
90. Sato, T.;  Shapiro, M. G.; Tsao, D. Y., Ultrasonic neuromodulation causes widespread 
cortical activation via an indirect auditory mechanism. Neuron 2018, 98 (5), 1031-
1041.e5. 
91. Guo, H.;  Hamilton, M.;  Offutt, S. J.;  Gloeckner, C. D.;  Li, T.;  Kim, Y.;  Legon, 
W.;  Alford, J. K.; Lim, H. H., Ultrasound produces extensive brain activation via a 
cochlear pathway. Neuron 2018, 98 (5), 1020–1030.e4. 
92. Menz, M. D.;  Oralkan, O.;  Khuri-Yakub, P. T.; Baccus, S. A., Precise neural 





93. Naor, O.;  Hertzberg, Y.;  Zemel, E.;  Kimmel, E.; Shoham, S., Towards multifocal 
ultrasonic neural stimulation II: design considerations for an acoustic retinal 
prosthesis. Journal of Neural Engineering 2012, 9 (2), 026006. 
94. Mohammadjavadi, M.;  Ye, P. P.;  Xia, A.;  Brown, J.;  Popelka, G.; Pauly, K. B., 
Elimination of peripheral auditory pathway activation does not affect motor responses 
from ultrasound neuromodulation. Brain Stimulation 2019, 12 (4), 901–910. 
95. Wang, L. V., Photoacoustic imaging and spectroscopy. CRC Press: 2009. 
96. Wang, L. V.; Hu, S., Photoacoustic tomography: in vivo imaging from organelles to 
organs. Science 2012, 335 (6075), 1458-1462. 
97. Taruttis, A.; Ntziachristos, V., Advances in real-time multispectral optoacoustic 
imaging and its applications. Nature Photonics 2015, 9 (4), 219. 
98. Zou, X.;  Wu, N.;  Tian, Y.; Wang, X., Broadband miniature fiber optic ultrasound 
generator. Optics Express 2014, 22 (15), 18119-18127. 
99. Colchester, R. J.;  Zhang, E. Z.;  Mosse, C. A.;  Beard, P. C.;  Papakonstantinou, I.; 
Desjardins, A. E., Broadband miniature optical ultrasound probe for high resolution 
vascular tissue imaging. Biomedical Optics Express 2015, 6 (4), 1502-1511. 
100. Culjat, M. O.;  Goldenberg, D.;  Tewari, P.; Singh, R. S., A review of tissue substitutes 
for ultrasound imaging. Ultrasound in Medicine & Biology 2010, 36 (6), 861-873. 
101. Ayling, O. G.;  Harrison, T. C.;  Boyd, J. D.;  Goroshkov, A.; Murphy, T. H., 
Automated light-based mapping of motor cortex by photoactivation of 
channelrhodopsin-2 transgenic mice. Nature Methods 2009, 6 (3), 219. 
102. Houweling, A. R.; Brecht, M., Behavioural report of single neuron stimulation in 
somatosensory cortex. Nature 2008, 451 (7174), 65. 
103. Saffari, N.;  Wright, C. J.; Rothwell, J., Ultrasound neuro-stimulation effects of 
peripheral axons in-vitro. The Journal of the Acoustical Society of America 2017, 142 
(4), 2668-2668. 
104. Krasovitski, B.;  Frenkel, V.;  Shoham, S.; Kimmel, E., Intramembrane cavitation as 
a unifying mechanism for ultrasound-induced bioeffects. Proceedings of the National 
Academy of Sciences of the United States of America 2011, 108 (8), 3258-3263. 
105. Ibsen, S.;  Tong, A.;  Schutt, C.;  Esener, S.; Chalasani, S. H., Sonogenetics is a non-
invasive approach to activating neurons in Caenorhabditis elegans. Nature 




106. Brown, M. D.;  Jaros, J.;  Cox, B. T.; Treeby, B. E., Control of broadband optically 
generated ultrasound pulses using binary amplitude holograms. The Journal of the 
Acoustical Society of America 2016, 139 (4), 1637-1647. 
107. Brown, M.;  Nikitichev, D.;  Treeby, B.; Cox, B., Generating arbitrary ultrasound 
fields with tailored optoacoustic surface profiles. Applied Physics Letters 2017, 110 
(9), 094102. 
108. Houweling, A. R.; Brecht, M., Behavioural report of single neuron stimulation in 
somatosensory cortex. Nature 2008, 451 (7174), 65-8. 
109. Cheng-yu, T. L.;  Poo, M.-m.; Dan, Y., Burst spiking of a single cortical neuron 
modifies global brain state. Science 2009, 324 (5927), 643-646. 
110. Palanker, D.;  Vankov, A.;  Huie, P.; Baccus, S., Design of a high-resolution 
optoelectronic retinal prosthesis. Journal of Neural Engineering 2005, 2 (1), S105. 
111. Grunt, S.;  Becher, J. G.; Vermeulen, R. J., Long‐term outcome and adverse effects 
of selective dorsal rhizotomy in children with cerebral palsy: a systematic review. 
Developmental Medicine & Child Neurology 2011, 53 (6), 490-498. 
112. Xu, A. G.;  Qian, M.;  Tian, F.;  Xu, B.;  Friedman, R. M.;  Wang, J.;  Song, X.;  Sun, 
Y.;  Chernov, M. M.; Cayce, J. M., Focal infrared neural stimulation with high-field 
functional MRI: A rapid way to map mesoscale brain connectomes. Science Advances 
2019, 5 (4), eaau7046. 
113. Chernov, M. M.;  Chen, G.; Roe, A. W., Histological assessment of thermal damage 
in the brain following infrared neural stimulation. Brain Stimulation 2014, 7 (3), 476-
482. 
114. Tufail, Y.;  Yoshihiro, A.;  Pati, S.;  Li, M. M.; Tyler, W. J., Ultrasonic 
neuromodulation by brain stimulation with transcranial ultrasound. Nature Protocols 
2011, 6 (9), 1453. 
115. Blackmore, J.;  Shrivastava, S.;  Sallet, J.;  Butler, C. R.; Cleveland, R. O., Ultrasound 
neuromodulation: A review of results, mechanisms and safety. Ultrasound in 
Medicine & Biology 2019, 45 (7), 1509–1536. 
116. Naor, O.;  Krupa, S.; Shoham, S., Ultrasonic neuromodulation. Journal of Neural 
Engineering 2016, 13 (3), 031003. 
117. Tyler, W. J.;  Tufail, Y.;  Finsterwald, M.;  Tauchmann, M. L.;  Olson, E. J.; Majestic, 
C., Remote excitation of neuronal circuits using low-intensity, low-frequency 




118. Kodandaramaiah, S. B.;  Franzesi, G. T.;  Chow, B. Y.;  Boyden, E. S.; Forest, C. R., 
Automated whole-cell patch-clamp electrophysiology of neurons in vivo. Nature 
Methods 2012, 9 (6), 585-587. 
119. Jiang, Y.;  Lee, H. J.;  Lan, L.;  Tseng, H.-a.;  Yang, C.;  Man, H.-Y.;  Han, X.; Cheng, 
J.-X., Optoacoustic brain stimulation at submillimeter spatial precision. Nature 
Communications 2020, 11 (1), 1-9. 
120. Noimark, S.;  Colchester, R. J.;  Poduval, R. K.;  Maneas, E.;  Alles, E. J.;  Zhao, T.;  
Zhang, E. Z.;  Ashworth, M.;  Tsolaki, E.; Chester, A. H., Polydimethylsiloxane 
composites for optical ultrasound generation and multimodality imaging. Advanced 
Functional Materials 2018, 28 (9), 1704919. 
121. Lyu, Y.;  Xie, C.;  Chechetka, S. A.;  Miyako, E.; Pu, K., Semiconducting polymer 
nanobioconjugates for targeted photothermal activation of neurons. Journal of the 
American Chemical Society 2016, 138 (29), 9049-9052. 
122. Shapiro, M. G.;  Homma, K.;  Villarreal, S.;  Richter, C.-P.; Bezanilla, F., Infrared 
light excites cells by changing their electrical capacitance. Nature Communications 
2012, 3 (1), 1-11. 
123. Cohen, J. E.; Fields, R. D., Extracellular calcium depletion in synaptic transmission. 
The Neuroscientist 2004, 10 (1), 12-17. 
124. Asteriti, S.;  Liu, C.-H.; Hardie, R. C., Calcium signalling in Drosophila 
photoreceptors measured with GCaMP6f. Cell Calcium 2017, 65, 40-51. 
125. Shemesh, O. A.;  Tanese, D.;  Zampini, V.;  Linghu, C.;  Piatkevich, K.;  Ronzitti, E.;  
Papagiakoumou, E.;  Boyden, E. S.; Emiliani, V., Temporally precise single-cell-
resolution optogenetics. Nature Neuroscience 2017, 20 (12), 1796-1806. 
126. Kamimura, H.;  Wang, S.;  Chen, H.;  Wang, Q.;  Aurup, C.;  Acosta, C.;  Carneiro, 
A.; Konofagou, E. In Pupil dilation and motor response elicitation by ultrasound 
neuromodulation, 2015 IEEE International Ultrasonics Symposium (IUS), IEEE: 
2015; pp 1-4. 
127. Mehić, E.;  Xu, J. M.;  Caler, C. J.;  Coulson, N. K.;  Moritz, C. T.; Mourad, P. D., 
Increased anatomical specificity of neuromodulation via modulated focused 
ultrasound. PLoS One 2014, 9 (2). 
128. Dana, H.;  Sun, Y.;  Mohar, B.;  Hulse, B.;  Hasseman, J. P.;  Tsegaye, G.;  Tsang, A.;  
Wong, A.;  Patel, R.; Macklin, J. J., High-performance GFP-based calcium indicators 





129. Mihran, R. T.;  Barnes, F. S.; Wachtel, H., Temporally-specific modification of 
myelinated axon excitability in vitro following a single ultrasound pulse. Ultrasound 
in Medicine & Biology 1990, 16 (3), 297-309. 
130. Micheva, K. D.;  Wolman, D.;  Mensh, B. D.;  Pax, E.;  Buchanan, J.;  Smith, S. J.; 
Bock, D. D., A large fraction of neocortical myelin ensheathes axons of local 
inhibitory neurons. eLife 2016, 5, e15784. 
131. Royzen, F.;  Williams, S.;  Fernandez, F. R.; White, J. A., Balanced synaptic currents 
underlie low‐frequency oscillations in the subiculum. Hippocampus 2019, 29 (12), 
1178-1189. 
132. Kubanek, J., Neuromodulation with transcranial focused ultrasound. Neurosurgical 
Focus 2018, 44 (2), E14. 
133. Tyler, W. J., Noninvasive neuromodulation with ultrasound? A continuum mechanics 
hypothesis. The Neuroscientist 2011, 17 (1), 25-36. 
134. Perlmutter, J. S.; Mink, J. W., Deep brain stimulation. Annual Review of Neuroscience 
2006, 29, 229–257. 
135. Hallett, M., Transcranial magnetic stimulation and the human brain. Nature 2000, 406 
(6792), 147–150. 
136. Brunoni, A. R.;  Nitsche, M. A.;  Bolognini, N.;  Bikson, M.;  Wagner, T.;  Merabet, 
L.;  Edwards, D. J.;  Valero-Cabre, A.;  Rotenberg, A.;  Pascual-Leone, A.;  Ferrucci, 
R.;  Priori, A.;  Boggio, P. S.; Fregni, F., Clinical research with transcranial direct 
current stimulation (tDCS): challenges and future directions. Brain Stimulation 2012, 
5 (3), 175-195. 
137. Zhang, F.;  Gradinaru, V.;  Adamantidis, A. R.;  Durand, R.;  Airan, R. D.;  de Lecea, 
L.; Deisseroth, K., Optogenetic interrogation of neural circuits: technology for 
probing mammalian brain structures. Nature Protocols 2010, 5 (3), 439-56. 
138. Yizhar, O.;  Fenno, L. E.;  Davidson, T. J.;  Mogri, M.; Deisseroth, K., Optogenetics 
in Neural Systems. Neuron 2011, 71 (1), 9-34. 
139. Gilbert, F.;  Harris, A. R.; Kapsa, R. M. I., Controlling Brain Cells With Light: Ethical 
Considerations for Optogenetic Clinical Trials. AJOB Neuroscience 2014, 5 (3), 3-
11. 
140. Carvalho-de-Souza, J. L.;  Treger, J. S.;  Dang, B.;  Kent, S. B.;  Pepperberg, D. R.; 
Bezanilla, F., Photosensitivity of neurons enabled by cell-targeted gold nanoparticles. 




141. Yong, J.;  Needham, K.;  Brown, W. G. A.;  Nayagam, B. A.;  McArthur, S. L.;  Yu, 
A.; Stoddart, P. R., Gold-Nanorod-Assisted Near-Infrared Stimulation of Primary 
Auditory Neurons. Advanced Healthcare Materials 2014, 3 (11), 1862-1868. 
142. Eom, K.;  Im, C.;  Hwang, S.;  Eom, S.;  Kim, T. S.;  Jeong, H. S.;  Kim, K. H.;  Byun, 
K. M.;  Jun, S. B.; Kim, S. J., Synergistic combination of near-infrared irradiation and 
targeted gold nanoheaters for enhanced photothermal neural stimulation. Biomedical 
Optics Express 2016, 7 (4), 1614–1625. 
143. Carvalho-de-Souza, J. L.;  Nag, O. K.;  Oh, E.;  Huston, A. L.;  Vurgaftman, I.;  
Pepperberg, D. R.;  Bezanilla, F.; Delehanty, J. B., Cholesterol Functionalization of 
Gold Nanoparticles Enhances Photoactivation of Neural Activity. ACS Chemical 
Neuroscience 2019, 10 (3), 1478-1487. 
144. Carvalho-de-Souza, J. L.;  Pinto, B. I.;  Pepperberg, D. R.; Bezanilla, F., 
Optocapacitive Generation of Action Potentials by Microsecond Laser Pulses of 
Nanojoule Energy. Biophysical Journal 2018, 114 (2), 283-288. 
145. Farah, N.;  Zoubi, A.;  Matar, S.;  Golan, L.;  Marom, A.;  Butson, C. R.;  Brosh, I.; 
Shoham, S., Holographically patterned activation using photo-absorber induced 
neural-thermal stimulation. Journal of Neural Engineering, 2013, 10 (5). 
146. Weissler, Y.;  Farah, N.; Shoham, S., Simulation of morphologically structured photo-
thermal neural stimulation. Journal of Neural Engineering, 2017, 14 (5). 
147. Parameswaran, R.;  Carvalho-de-Souza, J. L.;  Jiang, Y. W.;  Burke, M. J.;  
Zimmerman, J. F.;  Koehler, K.;  Phillips, A. W.;  Yi, J.;  Adams, E. J.;  Bezanilla, F.; 
Tian, B. Z., Photoelectrochemical modulation of neuronal activity with free-standing 
coaxial silicon nanowires. Nature Nanotechnology, 2018, 13 (3), 260-+. 
148. Lyu, Y.;  Xie, C.;  Chechetka, S. A.;  Miyako, E.; Pu, K., Semiconducting Polymer 
Nanobioconjugates for Targeted Photothermal Activation of Neurons. Journal of the 
American Chemical Society 2016, 138 (29), 9049-52. 
149. Li, J.;  Duan, H.; Pu, K., Nanotransducers for near‐infrared Photoregulation in 
biomedicine. Advanced Materials 2019, 31 (33), 1901607. 
150. Chen, R.;  Romero, G.;  Christiansen, M. G.;  Mohr, A.; Anikeeva, P., Wireless 
magnetothermal deep brain stimulation. Science 2015, 347 (6229), 1477-80. 
151. Yue, K.;  Guduru, R.;  Hong, J. M.;  Liang, P.;  Nair, M.; Khizroev, S., Magneto-




152. Henderson, T. A.; Morries, L. D., Near-infrared photonic energy penetration: can 
infrared phototherapy effectively reach the human brain? Neuropsychiatric Disease 
and Treatment 2015, 11, 2191-2208. 
153. Hamblin, M. R., Shining light on the head: Photobiomodulation for brain disorders. 
BBA Clinical 2016, 6, 113-124. 
154. Luo, X.;  Tran, D. T.;  Sun, H.;  Mi, T.;  Kadlubowski, N. M.;  Zhao, Y.;  Zhao, K.; 
Mei, J., Bis-isoindigos: New Electron-Deficient Building Blocks for Constructing 
Conjugated Polymers with Extended Electron Delocalization. Asian Journal of 
Organic Chemistry 2018, 7 (11), 2248-2253. 
155. Wu, J. Y. Z.;  You, L. Y.;  Lan, L.;  Lee, H. J.;  Chaudhry, S. T.;  Li, R.;  Cheng, J. 
X.; Mei, J. G., Semiconducting Polymer Nanoparticles for Centimeters-Deep 
Photoacoustic Imaging in the Second Near-Infrared Window. Advanced Materials 
2017, 29 (41). 
156. Jung, Y.;  Slipchenko, M. N.;  Liu, C. H.;  Ribbe, A. E.;  Zhong, Z.;  Yang, C.; Cheng, 
J. X., Fast detection of the metallic state of individual single-walled carbon nanotubes 
using a transient-absorption optical microscope. Physical Review Letters 2010, 105 
(21), 217401. 
157. Tong, L.;  Liu, Y.;  Dolash, B. D.;  Jung, Y.;  Slipchenko, M. N.;  Bergstrom, D. E.; 
Cheng, J. X., Label-free imaging of semiconducting and metallic carbon nanotubes in 
cells and mice using transient absorption microscopy. Nature Nanotechnology 2011, 
7 (1), 56-61. 
158. Zhang, W.;  Tong, L.; Yang, C., Cellular binding and internalization of functionalized 
silicon nanowires. Nano Letters 2012, 12 (2), 1002–1006. 
159. Canales, A.;  Jia, X. T.;  Froriep, U. P.;  Koppes, R. A.;  Tringides, C. M.;  Selvidge, 
J.;  Lu, C.;  Hou, C.;  Wei, L.;  Fink, Y.; Anikeeva, P., Multifunctional fibers for 
simultaneous optical, electrical and chemical interrogation of neural circuits in vivo. 
Nature Biotechnology 2015, 33 (3), 277-+. 
160. Park, S.;  Guo, Y. Y.;  Jia, X. T.;  Choe, H. K.;  Grena, B.;  Kang, J.;  Park, J.;  Lu, C.;  
Canales, A.;  Chen, R.;  Yim, Y. S.;  Choi, G. B.;  Fink, Y.; Anikeeva, P., One-step 
optogenetics with multifunctional flexible polymer fibers. Nature Neuroscience 2017, 
20 (4), 612-+. 
161. Jain, P. K.;  Lee, K. S.;  El-Sayed, I. H.; El-Sayed, M. A., Calculated absorption and 
scattering properties of gold nanoparticles of different size, shape, and composition: 
applications in biological imaging and biomedicine. Journal of Physical Chemistry. 




162. Cook, J. R.;  Bouchard, R. R.; Emelianov, S. Y., Tissue-mimicking phantoms for 
photoacoustic and ultrasonic imaging. Biomedical Optics Express 2011, 2 (11), 3193-
3206. 
163. Dante, S.;  Petrelli, A.;  Petrini, E. M.;  Marotta, R.;  Maccione, A.;  Alabastri, A.;  
Quarta, A.;  De Donato, F.;  Ravasenga, T.;  Sathya, A.;  Cingolani, R.;  Zaccaria, R. 
P.;  Berdondini, L.;  Barberis, A.; Pellegrino, T., Selective Targeting of Neurons with 
Inorganic Nanoparticles: Revealing the Crucial Role of Nanoparticle Surface Charge. 
ACS Nano 2017, 11 (7), 6630-6640. 
164. Zhu, Y.; Cheng, J.-X., Transient absorption microscopy: Technological innovations 
and applications in materials science and life science. The Journal of Chemical 
Physics 2020, 152 (2), 020901. 
165. Zhu, T.;  Snaider, J. M.;  Yuan, L.; Huang, L., Ultrafast dynamic microscopy of carrier 
and exciton transport. Annual Review of Physical Chemistry 2019, 70, 219-244. 
166. Fischer, M. C.;  Wilson, J. W.;  Robles, F. E.; Warren, W. S., Invited review article: 
pump-probe microscopy. Review of Scientific Instruments 2016, 87 (3), 031101. 
167. Beane, G.;  Devkota, T.;  Brown, B. S.; Hartland, G. V., Ultrafast measurements of 
the dynamics of single nanostructures: a review. Reports on Progress in Physics 2018, 
82 (1), 016401. 
168. Chen, A. J.;  Yuan, X.;  Li, J.;  Dong, P.;  Hamza, I.; Cheng, J.-X., Label-free imaging 
of heme dynamics in living organisms by transient absorption microscopy. Analytical 
Chemistry 2018, 90 (5), 3395-3401. 
169. Dong, P.-T.;  Lin, H.;  Huang, K.-C.; Cheng, J.-X., Label-free quantitation of glycated 
hemoglobin in single red blood cells by transient absorption microscopy and phasor 
analysis. Science Advances 2019, 5 (5), eaav0561. 
170. Fu, D.;  Ye, T.;  Matthews, T. E.;  Grichnik, J. M.;  Hong, L.;  Simon, J. D.; Warren, 
W. S., Probing skin pigmentation changes with transient absorption imaging of 
eumelanin and pheomelanin. Journal of Biomedical Optics 2008, 13 (5), 054036. 
171. Matthews, T. E.;  Piletic, I. R.;  Selim, M. A.;  Simpson, M. J.; Warren, W. S., Pump-
probe imaging differentiates melanoma from melanocytic nevi. Science Translational 
Medicine 2011, 3 (71), 71ra15-71ra15. 
172. Huang, K.-C.;  McCall, J.;  Wang, P.;  Liao, C.-S.;  Eakins, G.;  Cheng, J.-X.; Yang, 
C., High-speed spectroscopic transient absorption imaging of defects in graphene. 




173. Guo, Z.;  Wan, Y.;  Yang, M.;  Snaider, J.;  Zhu, K.; Huang, L., Long-range hot-carrier 
transport in hybrid perovskites visualized by ultrafast microscopy. Science 2017, 356 
(6333), 59-62. 
174. Huang, L.;  Hartland, G. V.;  Chu, L.-Q.;  Feenstra, R. M.;  Lian, C.;  Tahy, K.; Xing, 
H., Ultrafast transient absorption microscopy studies of carrier dynamics in epitaxial 
graphene. Nano Letters 2010, 10 (4), 1308-1313. 
175. Lo, S. S.;  Shi, H. Y.;  Huang, L.; Hartland, G. V., Imaging the extent of plasmon 
excitation in Au nanowires using pump-probe microscopy. Optics Letters 2013, 38 
(8), 1265-1267. 
176. Wu, J.;  Zhu, Y.;  You, L.;  Dong, P. T.;  Mei, J.; Cheng, J.-X., Polymer 
Electrochromism Driven by Metabolic Activity Facilitates Rapid and Facile Bacterial 
Detection and Susceptibility Evaluation. Advanced Functional Materials, 2020, 30 
(49), 2005192. 
177. Jones, L. J.; Singer, V. L., Fluorescence microplate-based assay for tumor necrosis 
factor activity using SYTOX Green stain. Analytical Biochemistry 2001, 293 (1), 8-
15. 
178. Chang, M. C.;  Park, J. M.;  Pelkey, K. A.;  Grabenstatter, H. L.;  Xu, D. S.;  Linden, 
D. J.;  Sutula, T. P.;  McBain, C. J.; Worley, P. F., Narp regulates homeostatic scaling 
of excitatory synapses on parvalbumin-expressing interneurons. Nature Neuroscience 
2010, 13 (9), 1090-U83. 
179. Kanju, P.; Liedtke, W., Pleiotropic function of TRPV4 ion channels in the central 
nervous system. Experimental Physiology 2016, 101 (12), 1472-1476. 
180. Plant, T. D.; Strotmann, R., TRPV4: A Multifunctional Nonselective Cation Channel 
with Complex Regulation. In TRP Ion Channel Function in Sensory Transduction and 
Cellular Signaling Cascades, Liedtke, W. B.; Heller, S., Eds. Boca Raton (FL), 2007. 
181. Uhlen, M.;  Fagerberg, L.;  Hallstrom, B. M.;  Lindskog, C.;  Oksvold, P.;  
Mardinoglu, A.;  Sivertsson, A.;  Kampf, C.;  Sjostedt, E.;  Asplund, A.;  Olsson, I.;  
Edlund, K.;  Lundberg, E.;  Navani, S.;  Szigyarto, C. A.;  Odeberg, J.;  Djureinovic, 
D.;  Takanen, J. O.;  Hober, S.;  Alm, T.;  Edqvist, P. H.;  Berling, H.;  Tegel, H.;  
Mulder, J.;  Rockberg, J.;  Nilsson, P.;  Schwenk, J. M.;  Hamsten, M.;  von Feilitzen, 
K.;  Forsberg, M.;  Persson, L.;  Johansson, F.;  Zwahlen, M.;  von Heijne, G.;  Nielsen, 
J.; Ponten, F., Tissue-based map of the human proteome. Science 2015, 347 (6220). 
182. Uhlen, M.;  Oksvold, P.;  Fagerberg, L.;  Lundberg, E.;  Jonasson, K.;  Forsberg, M.;  
Zwahlen, M.;  Kampf, C.;  Wester, K.;  Hober, S.;  Wernerus, H.;  Bjorling, L.; Ponten, 
F., Towards a knowledge-based Human Protein Atlas. Nature Biotechnology 2010, 




183. Thorneloe, K. S.;  Cheung, M.;  Bao, W.;  Alsaid, H.;  Lenhard, S.;  Jian, M. Y.;  
Costell, M.;  Maniscalco-Hauk, K.;  Krawiec, J. A.;  Olzinski, A.;  Gordon, E.;  
Lozinskaya, I.;  Elefante, L.;  Qin, P.;  Matasic, D. S.;  James, C.;  Tunstead, J.;  
Donovan, B.;  Kallal, L.;  Waszkiewicz, A.;  Vaidya, K.;  Davenport, E. A.;  Larkin, 
J.;  Burgert, M.;  Casillas, L. N.;  Marquis, R. W.;  Ye, G.;  Eidam, H. S.;  Goodman, 
K. B.;  Toomey, J. R.;  Roethke, T. J.;  Jucker, B. M.;  Schnackenberg, C. G.;  
Townsley, M. I.;  Lepore, J. J.; Willette, R. N., An orally active TRPV4 channel 
blocker prevents and resolves pulmonary edema induced by heart failure. Science 
Translational Medicine 2012, 4 (159), 159ra148. 
184. Wang, L. V., Tutorial on Photoacoustic Microscopy and Computed Tomography. 
IEEE Journal of Selected Topics in Quantum Electronics 2008, 14 (1), 171-178. 
185. Yoo, S.;  Park, J. H.; Nam, Y., Single-Cell Photothermal Neuromodulation for 
Functional Mapping of Neural Networks. ACS Nano 2019, 13 (1), 544-551. 
186. Paviolo, C.;  Haycock, J. W.;  Cadusch, P. J.;  McArthur, S. L.; Stoddart, P. R., Laser 
exposure of gold nanorods can induce intracellular calcium transients. Journal of 
Biophotonics 2014, 7 (10), 761-765. 
187. de Boer, W. D. A. M.;  Hirtz, J. J.;  Capretti, A.;  Gregorkiewicz, T.;  Izquierdo-Serra, 
M.;  Han, S.;  Dupre, C.;  Shymkiv, Y.; Yuste, R., Neuronal photoactivation through 
second-harmonic near-infrared absorption by gold nanoparticles. Light: Science & 
Applications 2018, 7 (1), 100. 
188. Lee, J. W.;  Jung, H.;  Cho, H. H.;  Lee, J. H.; Nam, Y., Gold nanostar-mediated neural 
activity control using plasmonic photothermal effects. Biomaterials 2018, 153, 59-69. 
189. Lee, J. W.;  Kang, H.; Nam, Y., Thermo-plasmonic gold nanofilms for simple and 
mass-producible photothermal neural interfaces. Nanoscale 2018, 10 (19), 9226-
9235. 
190. Shibasaki, K.;  Suzuki, M.;  Mizuno, A.; Tominaga, M., Effects of body temperature 
on neural activity in the hippocampus: regulation of resting membrane potentials by 
transient receptor potential vanilloid 4. Journal of Neuroscience 2007, 27 (7), 1566-
1575. 
191. Kamimura, H. A. S.;  Conti, A.;  Toschi, N.; Konofagou, E. J. F. i. P., Ultrasound 
neuromodulation: mechanisms and the potential of multi-modal stimulation for 
neuronal function assessment. Frontiers in Physics, 2020, 8, 150. 
192. Kubanek, J.;  Shi, J.;  Marsh, J.;  Chen, D.;  Deng, C.; Cui, J., Ultrasound modulates 




193. Maingret, F.;  Fosset, M.;  Lesage, F.;  Lazdunski, M.; Honoré, E., TRAAK Is a 
Mammalian Neuronal Mechano-gated K+Channel. Journal of Biological Chemistry 
1999, 274 (3), 1381-1387. 
194. Coste, B.;  Mathur, J.;  Schmidt, M.;  Earley, T. J.;  Ranade, S.;  Petrus, M. J.;  Dubin, 
A. E.; Patapoutian, A., Piezo1 and Piezo2 Are Essential Components of Distinct 
Mechanically Activated Cation Channels. Science 2010, 330 (6000), 55-60. 
195. Kang, L.;  Gao, J.;  Schafer, W. R.;  Xie, Z.; Xu, X. Z. S., C. elegans TRP Family 
Protein TRP-4 Is a Pore-Forming Subunit of a Native Mechanotransduction Channel. 
Neuron 2010, 67 (3), 381-391. 
196. Bagriantsev, S. N.;  Gracheva, E. O.; Gallagher, P. G., Piezo proteins: regulators of 
mechanosensation and other cellular processes. Journal of Biological Chemistry 
2014, 289 (46), 31673-31681. 
197. Brohawn, S. G.;  Campbell, E. B.; MacKinnon, R., Physical mechanism for gating 
and mechanosensitivity of the human TRAAK K+ channel. Nature 2014, 516 (7529), 
126-130. 
198. Brohawn, S. G.;  Su, Z.; MacKinnon, R., Mechanosensitivity is mediated directly by 
the lipid membrane in TRAAK and TREK1 K+ channels. Proceedings of the National 
Academy of Sciences of the United States of America 2014, 111 (9), 3614-3619. 
199. Lin, C.-R.;  Chen, K.-H.;  Yang, C.-H.;  Cheng, J.-T.;  Sheen-Chen, S.-M.;  Wu, C.-
H.;  Sy, W.-D.; Chen, Y.-S., Sonoporation-mediated gene transfer into adult rat dorsal 
root ganglion cells. Journal of Biomedical Science 2010, 17 (1), 44. 
200. Krasovitski, B.;  Frenkel, V.;  Shoham, S.; Kimmel, E., Intramembrane cavitation as 
a unifying mechanism for ultrasound-induced bioeffects. Proceedings of the National 
Academy of Sciences of the United States of America 2011, 108 (8), 3258-3263. 
201. Wu, D.;  Huang, L.;  Jiang, M. S.; Jiang, H., Contrast agents for photoacoustic and 
thermoacoustic imaging: a review. International Journal of Molecular Sciences 2014, 
15 (12), 23616-39. 
202. Miao, Q.;  Xie, C.;  Zhen, X.;  Lyu, Y.;  Duan, H.;  Liu, X.;  Jokerst, J. V.; Pu, K., 
Molecular afterglow imaging with bright, biodegradable polymer nanoparticles. 
Advanced Materials 2017, 35 (11), 1102. 
203. Jiang, Y.;  Upputuri, P. K.;  Xie, C.;  Zeng, Z.;  Sharma, A.;  Zhen, X.;  Li, J.;  Huang, 
J.;  Pramanik, M.; Pu, K., Metabolizable semiconducting polymer nanoparticles for 





204. Lyu, Y.;  He, S.;  Li, J.;  Jiang, Y.;  Sun, H.;  Miao, Y.; Pu, K., A Photolabile 
Semiconducting Polymer Nanotransducer for Near‐Infrared Regulation of 
CRISPR/Cas9 Gene Editing. Angewandte Chemie. International Edition 2019, 58 
(50), 18197-18201. 
205. Koirala, M.;  Sarma, R.;  Cao, H.; Yamilov, A., Inverse design of long-range intensity 
correlation in scattering media. Physical Review B 2019, 100 (6). 
206. Yamilov, A. G.;  Sarma, R.;  Redding, B.;  Payne, B.;  Noh, H.; Cao, H., Position-
Dependent Diffusion of Light in Disordered Waveguides. Physical Review Letters 
2014, 112 (2). 
207. Chen, X.;  Zhang, C.;  Lin, P.;  Huang, K. C.;  Liang, J.;  Tian, J.; Cheng, J. X., 
Volumetric chemical imaging by stimulated Raman projection microscopy and 
tomography. Nature Communications 2017, 8, 15117. 
208. Ao, Y.;  Zeng, K.;  Yu, B.;  Miao, Y.;  Hung, W.;  Yu, Z.;  Xue, Y.;  Tan, T. T. Y.;  
Xu, T.; Zhen, M., An upconversion nanoparticle enables near infrared-optogenetic 
manipulation of the caenorhabditis elegans motor circuit. ACS Nano 2019, 13 (3), 
3373-3386. 
209. All, A. H.;  Zeng, X.;  Teh, D. B. L.;  Yi, Z.;  Prasad, A.;  Ishizuka, T.;  Thakor, N.;  
Hiromu, Y.; Liu, X., Expanding the Toolbox of upconversion nanoparticles for in 
vivo optogenetics and neuromodulation. Advanced Materials 2019, 31 (41), 1803474. 
210. Yu, N.;  Huang, L.;  Zhou, Y.;  Xue, T.;  Chen, Z.; Han, G., Near‐Infrared‐Light 
Activatable Nanoparticles for Deep‐Tissue‐Penetrating Wireless Optogenetics. 
Advanced Healthcare Materials 2019, 8 (6), 1801132. 
211. Chen, S.;  Weitemier, A. Z.;  Zeng, X.;  He, L.;  Wang, X.;  Tao, Y.;  Huang, A. J.;  
Hashimotodani, Y.;  Kano, M.; Iwasaki, H., Near-infrared deep brain stimulation via 
upconversion nanoparticle–mediated optogenetics. Science 2018, 359 (6376), 679-
684. 
212. Aryal, M.;  Papademetriou, J.;  Zhang, Y.-Z.;  Power, C.;  McDannold, N.; Porter, T., 
Ultrasound-mediated delivery of gadolinium and fluorescent-labeled liposomes 
through the blood-brain barrier. The Journal of the Acoustical Society of America 
2016, 139 (4), 2093-2093. 
213. Aryal, M.;  Papademetriou, I.;  Zhang, Y. Z.;  Power, C.;  McDannold, N.; Porter, T., 
MRI Monitoring and Quantification of Ultrasound-Mediated Delivery of Liposomes 
Dually Labeled with Gadolinium and Fluorophore through the Blood-Brain Barrier. 




214. Antal, A.; Paulus, W., Transcranial alternating current stimulation (tACS). Frontiers 
in Human Neuroscience 2013, 7, 317. doi: 10.3389/fnhum.2013.00317 
215. Brunoni, A. R.;  Nitsche, M. A.;  Bolognini, N.;  Bikson, M.;  Wagner, T.;  Merabet, 
L.;  Edwards, D. J.;  Valero-Cabre, A.;  Rotenberg, A.; Pascual-Leone, A., Clinical 
research with transcranial direct current stimulation (tDCS): challenges and future 
directions. Brain Stimulation 2012, 5 (3), 175-195. 
216. binti Ismail, N.; bin Mohd Jenu, M. Z. In Modeling of electromagnetic wave 
penetration in a human head due to emissions from cellular phone, 2007 Asia-Pacific 
Conference on Applied Electromagnetics, IEEE: 2007; pp 1-5. 
217. Yan, A.;  Lin, L.;  Liu, C.;  Shi, J.;  Na, S.; Wang, L. V., Microwave‐induced 
thermoacoustic tomography through an adult human skull. Medical Physics 2019, 46 
(4), 1793-1797. 
218. Wachtel, H.;  Seaman, R.; Joines, W., Effects of low‐intensity microwaves on isolated 
neurons. Annals of the New York Academy of Sciences 1975, 247 (1), 46-62. 
219. Beason, R. C.; Semm, P., Responses of neurons to an amplitude modulated 
microwave stimulus. Neuroscience Letters 2002, 333 (3), 175-178. 
220. Hossmann, K. A.; Hermann, D., Effects of electromagnetic radiation of mobile 
phones on the central nervous system. Bioelectromagnetics 2003, 24 (1), 49-62. 
221. Navarro, E. A.;  Segura, J.;  Portolés, M.; Gómez‐Perretta de Mateo, C., The 
microwave syndrome: a preliminary study in Spain. Electromagnetic Biology and 
Medicine 2003, 22 (2-3), 161-169. 
222. Li, J.;  Liu, S.;  Liu, W.;  Yu, Y.; Wu, Y., Suppression of firing activities in neuron 
and neurons of network induced by electromagnetic radiation. Nonlinear Dynamics 
2016, 83 (1-2), 801-810. 
223. Lan, L.;  Li, Y.;  Yang-Tran, T.;  Jiang, Y.;  Cao, Y.; Cheng, J.-X., Ultraefficient 
thermoacoustic conversion through a split ring resonator. Advanced Photonics 2020, 






CURRICULUM VITAE:  
 141 
 
 
142 
